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NOVEMBER 1957 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


NOTICES 


BRITISH COMMONWEALTH LECTURE 


The Editor and the Lewes Press sincerely regret the 
inconvenience caused to members who did not receive 
their October Journals in time to warn those who had 
not seen posters and other notices, that the British 
Commonwealth Lecture had been postponed from 17th 
October 1957 until March 1958. 

Arrangements were made for the Journal to reach home 
members by 12th October but, unfortunately, the printers 
were heavily hit by “Asian ’flu,” especially in the binding 
department and, although the journal was printed in 
time, its despatch was considerably and unavoidably 
delayed. 


ELECTIONS 
The following is a list of new members and transfers 
of membership of the Society :— 
Associate Fellows 


Charles Eric Bruce 
McConachie 
(from Graduate) 


David Edgar Thomas 
Nichols (from Graduate) 

William Butler Wright 
(from Graduate) 


Associates 


Austin Hussey Albert George Jenkins 


Graduates 
Vonthibettu Shridher Hegde Jonathan Edward 


Hutchinson (from Student) 


Students 


Bekele Endaylalu 
Sundaresa Krishnamurthy 


Rohinton Rivetna 


JOURNAL BINDING—NEW PRICES 


The greatly increased postal rates, together with other 
rising costs, unfortunately necessitate revised charges for 
1958 for the permanent binding of Journals. The increases 
will be 1s. 6d. on the 1957 volume and 2s. on previous 
volumes. The new charges will be:— 


1957 Volume (including packing and postage 


in the United Kingdom) £1 4s. Od. 
Previous volumes (including packing and 
postage in the United Kingdom) £1 6s. Od. 


Journals, with a note of the name and address of the 
sender, should be sent direct to The Lewes Press, Friars 
Walk, Lewes, Sussex, and the remittance to the Secretary 
at the Offices of the Society. 


Members are asked to be certain that the address to 
which they want their Journals sent is the same on their 
letters to the Lewes Press and to the Society. 


Self-Binder Cases 

Self-Binder cases of the “Easibind” type to hold 12 
Journals (cost 11s. 6d. each) are available from the Offices 
of the Society. 


A PHOTOGRAPH FOUND IN A JOURNAL 


_ A photograph of a bride and groom has been found 
ina Journal which was returned to the Society recently 
by a member. The photograph, taken in a garden with 
the couple standing on a carpet to protect the bride's 
train, suggests the 1939-41 period as the groom, a Second 
Lieutenant with badges which resemble the Artillery badge, 
's Wearing a “Sam Browne” belt. The bride is fair and 
her bouquet, with attractively trailing fern, includes roses. 


The photograph is 8 in. by 6 in. and has no number 
or mark of any kind on the back. Unfortunately there is 
no record of which issue of the Journal it was in or, when 
the Journal was returned. 


ASSOCIATE FELLOWSHIP EXAMINATIONS, DECEMBER 1957 


The Associate Fellowship Examinations will be held on 
the 17th, 18th and 19th December 1957 in the United 
Kingdom and at various Centres abroad. All Candidates 
will be sent a time-table and full instructions. 


INTERCHANGE OF INFORMATION ON ELECTRONIC COMPUTATION 
FOR PROBLEMS IN STRUCTURAL DESIGN 


A “Computer Group” of the Euler Society has been 
formed to act as a clearing house for information on 
electronic computers because of their increasing use for 
the calculations of structural engineering design. The 
group will circulate papers and information sheets and 
may hold occasional meetings. 

At first, membership will be open to members of the 
Euler Society and to others by invitation or introduction. 
At present there will not be a membership fee but it may 
be necessary to ask for one later to cover postage and 
other costs. 

The Euler Society was formed in 1954 to discuss 
developments in the theory of engineering structures. 

Members of the Royal Aeronautical Society who are 
interested in the Computer Group should get in touch with 
Mr. Anthony J. Barrett, Head of the Society's Technical 
Department. 


JOINT MEETING ON FLow NOISE 
NOVEMBER ISTH AND I6TH 


A Joint Meeting with the Acoustics Group of the 
Physical Society and the North East Branch of the Institute 
of Physics will be held at Newcastle-on-Tyne on Friday 
and Saturday 15th and 16th November. The first day’s 
meeting will be held from 9.30 a.m. to 4.30 p.m. at the 
works of Pametradad, Walker-on-Tyne, and will be devoted 
to the Sounds of Air Flow. The second day’s meeting will 
be held from 9.30 a.m. to 12.30 p.m. in the Physics Depart- 
= of King’s College, Newcastle, on the Sounds of Water 
Flow. 

Non-Members of the above Institutes will be welcome 
and members of the Society should apply for further 
information to Professor E. G. Richardson, King’s College, 
Newcastle-on-Tyne. 


ASSOCIATE FELLOWSHIP EXAMINATION RESULTS 


The following Candidates were successful in the 
Associate Fellowship Examination held in June 1957:— 


ParRT I—LONDON 


P. R. ADAMSON, Mechanics, Aerodynamics (Distinction), 
Thermodynamics; P. S. Atcock, Aerodynamics, Thermo- 
dynamics. 

W. T. BLAKELEY, Aerodynamics, Strength of Aircraft 
Materials and Theory of Structures (Distinction). 


M. E. J. Crew, Physics, Aerodynamics, Theory of 
Machines (Distinction). 


T. E. Enricut, Mechanics, Aerodynamics, Thermo- 
dynamics. 


D. G. Lucas, Aerodynamics, Thermodynamics. 


R. S. PoINTER, Pure Mathematics, Mechanics, Physics, 
Strength of Aircraft Materials and Theory of Structures. 


P. G. RayMonT, Aerodynamics, Strength of Aircraft 
Materials and Theory of Structures. 
Part II—LONDON 


J. H. ALLEN, Paper 11, Theory of Structures A; Paper 
12, Theory of Structures B; Paper 13, Theory of Structures 
€ 


" R. F. M. Drake, Paper 22, Air Transport; Paper 25, 
Operational Air Transport. 


LXIV VOL. 61 JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY NOVEMBE 


R 19 


57 


L. F. GiLLarp, Paper 11, Theory of Structures A; 
Paper 12, Theory of Structures B. 

N. D. Ho_psworth, Paper 17, General Design, Piston 
and Turbine Engines; Paper 18, Piston and Turbine 
Engines. 

D. J. LLoyp Lewis, Paper 8, Aerodynamics A; Paper 9, 
Aerodynamics B; Paper 10, Aerodynamics C. 

D. G. Roserts, Paper 11, Theory of Structures A; 
Paper 12, Theory of Structures B; Paper 20, Production. 

G. A. WarDILL, Paper 17, General Design, Piston and 
Turbine Engines; Paper 18, Piston and Turbine Engines. 


Part Il—OuTSIDE LONDON 


T. Mauoop (Belfast), Paper 11, Theory of Structures A; 
Paper 13, Theory of Structures C. 

J. H. WricuT (Belfast), Paper 11, Theory of Structures 
A; Paper 12, Theory of Structures B; Paper 13, Theory of 
Structures C. 


ParT I—ABROAD 


C. Lat BHATARA (Delhi), Aerodynamics. 

P. KUNHIRAMAN (Poona), Pure Mathematics, Mechanics, 
Physics, Strength of Aircraft Materials and Theory of 
Structures. 

P. J. MarsH (Toronto), Theory of Machines; N. S. 
Murtny (Mysore), Thermodynamics, Theory of Machines. 

M. V. NARASIMHAN (Mysore), Thermodynamics, Theory 
of Machines. 

K. K. Prasap (Mysore), Thermodynamics, Theory of 
Machines. 

A. ROMAGNOLI (Naples), Pure Mathematics, Mechanics, 
Physics, Aerodynamics, Strength of Aircraft Materials and 
Theory of Structures. 

A. C. F. VisMAN (Delft), Pure Mathematics, Mechanics, 
Physics, Aerodynamics, Strength of Aircraft Materials and 
Theory of Structures (Distinction). 

J. G. WiLson (Metz), Aerodynamics. 


Part II—ABROAD 


S. D. AmIN (Kanpur), Paper 19, Economics and 
Management; Paper 20, Production; Paper 21, Aircraft 
Manufacture. 

B. HusaIn (Karachi), Paper 8, Aerodynamics A; Paper 
18, Piston and Turbine Engines. 

N. S. Murtuy (Mysore), Paper 16, Thermodynamics 
and Theory of Machines; Paper 17, General Design, Piston 
and Turbine Engines; Paper 18, Piston and Turbine 
Engines. 

M. V. NANIWADEKAR (Mysore), Paper 16, Thermo- 
dynamics and Theory of Machines; Paper 17, General 
Design, Piston and Turbine Engines; Paper 19, Economics 
and Management. M. V. NARASIMHAN (Mysore), Paper 
17, General Design, Piston and Turbine Engines; Paper 18, 
Piston and Turbine Engines. 

K. K. PrasaD (Mysore), Paper 16, Thermodynamics 
and Theory of Machines; Paper 17, General Design, Piston 
and Turbine Engines; Paper 18, Piston and Turbine 
Engines. 

G. S. Uppat (Delhi), Paper 8, Aerodynamics A; Paper 
9, Aerodynamics B; Paper 10, Aerodynamics C. 

J. M. DE WILDE (Delft), Paper 8, Aerodynamics A; 
Paper 9, Aerodynamics B; Paper 10, Aerodynamics C. 


News OF MEMBERS 


A. D. BAxTER (Fellow), formerly Deputy Principal and 
Professor of Aircraft Propulsion at the College of Aero- 
nautics, has been appointed Chief Executive of the Rocket 
Engine Division of the de Havilland Engine Co. Ltd. 

E. N. B. BENTLEY (Associate Fellow), formerly Chief 
Technician, is now Chief Airworthiness Engineer of 
Hunting Percival Aircraft Ltd. 


A. C. BosweLt (Associate Fellow), formerly of The 
English Electric Company, is joining the Propulsion 
Department of Chance Vought Aircraft, Texas. 


J. G. H. Brown (Associate Fellow), formerly of de 
Havilland Aircraft Co. Ltd., Hatfield, has been appointed 
a Lecturer at Hatfield Technical College. 


HH. Carian (Associate Fellow) has been appointed 
Chief Technical Officer of the Air Safety and Survey 
Division of the British Aviation Insurance Co. Ltd. 


_ J. R. ComBLey (Associate Fellow), formerly with Avro 
Aircraft Ltd., has now been appointed Senior Engineer, 
Trials Evaluation Department at Computing Devices of 
Canada. 


Air Commodore C. L. DANN (Fellow), formerly at the 
Imperial Defence College, has been appointed Director of 
the Research and Development Department of the Irving 
Air Chute of Great Britain Ltd. at Letchworth. 


IAN Davipson (Graduate), formerly at Bristol Aero. 
Engines Ltd., now holds a Lectureship in Engineering a 
the University of St. Andrews, Queens College, Dundee. 


A. B. R. HuDSON (Associate Fellow) since joining the 
staff of Normalair Ltd., Yeovil, has been appointed 
Assistant Chief Designer (Production) to the Company, 


Dr. D. KUCHEMANN (Fellow) of the R.A.E. has been 
appointed Head of the Supersonics Division, Aerodynamics 
Dept., at the Royal Aircraft Establishment, Farnborough, 


L. Levy (Graduate), formerly with Blackburn and 
General Aircraft Ltd., is now in the Aeroelastic Depart. 
ment of A. V. Roe Aircraft Ltd., Toronto. 


W. G. MotH (Associate Fellow), formerly with 
Saunders-Roe Ltd., is now employed on the senior staff 
of Handley Page (Reading) Ltd. 


K. C. PLENTy (Associate), formerly of Bristol Aircraft 
Ltd., is now a Technician with Vickers-Armstrongs 
(Aircraft) Ltd., in their Research and Development Section, 
Weybridge. 


Miss B. M. RIMMER (Associate Fellow) is leaving 
S.F.I.M., France, and returning to England as a Director 
of S.F.I.M. (Great Britain) Ltd. 


Flying Officer D. STINTON (Associate Fellow) has been 
elected to Fellowship of the British Interplanetary Society. 


T. W. Tuomas (Associate Fellow), formerly at 5% 
A.M.Q., R.A.F. South Cerney, is now Instructor, Engine 
Squadron, Technical College, Henlow. 


H. P. THORNTON (Associate Fellow), formerly at Bristol 
Aeroplane Co. Ltd., is now Senior Stressman with Auster 
Aircraft Ltd., Farnborough, Hants. 


R. Tourret (Associate Fellow) is leaving the Admiralt) 
Oil Laboratory to take up a post with Esso Research Ltd, 
Abingdon. 


I. N. Way (Associate Fellow), formerly with de Havi 
land Special Project Department, is now Senior Research 
Engineer with the Boeing Airplane Company of Seattle, 
Washington, U.S.A. 


A. J. L. WHITE (Associate Fellow), formerly a Lecture 
at Coventry Technical College, is now a Lecturer 1 
Mechanical Engineering at Sunderland Technical College 


F. W. Witcox (Associate), formerly of de Havilland. 
has now joined B.O.A.C. Subsidiaries. 


Correction: Wing Commander D. G. DuNpHy 
ate Fellow) has been Senior Technical Officer at Roy? 
Air Force Honington since June. This was not made cles! 
in the September Monthly Notices. 
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ROYAL AERONAUTICAL SOCIETY—NOTICES LXV 


DIARY 


LONDON 


12th November 
SECTION LecTURE.—Some Problems of Stability and 
Control. H.H.B.M. Thomas. Library, 4 Hamilton Place, 
London W.1. 7 p.m. 

19th November 
SecTION LecrurE.—The Supersonic Wind Tunnel. 
Dr. W. F. Hilton. Library, 4 Hamilton Place, London, 
W.1. 7 p.m. 

26th November 
SecTION LrecTURE.—Some Aspects of Refrigeration in 
Supersonic Aircraft. E. J. Gabbay. Library, 4 Hamilton 
Place, London, W.1 7 p.m. 

3rd December 
SECTION LECTURE.—Some Techniques of Engine Testing 
under Simulated Icing Conditions. O. R. Ballard. Library, 
4 Hamilton Place, London W.1. 7 p.m. 

12th December 
Main LecrurRE.—-Ram Jets. R. P. Probert. Institution of 
Mechanical Engineers, Birdcage Walk, S.W.!. 6 p.m, 
(Tea at 5.30 p.m.) 

17th December 
SECTION LrecTURE.—Comparison of Ducted Fan, By-pass 
and Straight Jet Engines. Dr. S. G. Hooker. Library, 4 
Hamilton Place, London W.1. 7 p.m. 

dnd January 1958 
YOUNG People’s Lecture. A. W. Bedford. Royal Society 
of Arts, 6 John Adam Street, W.C.2. 3 p.m. 

1Sth January 
LECTURE AT LEICESTER BRANCH.—Rolls-Royce 
Engines. A. A. Lombard. Lecture Theatre, Loughborough 
College. 6.45 p.m. 


GUIDED FLIGHT SECTION 


21st November 
GuIDED WEAPONS AND AIRCRAFT.—Some Differences in 
Design and Development. J. E. Serby. The Royal Institu- 
tion, Albemarle Street. 6 p.m. (Tea at 5.30 p.m.) 


GRADUATES’ AND STUDENTS’ SECTION 


27th November 
Flight-testing Procedures at Supersonic Speeds. Wing Cdr. 
R. P. Beamont. Library, 4 Hamilton Place, London, W.1. 
7.30 p.m. 

29th November 
Annual Dance. 4 Hamilton Place, London W.1. 

10th December 
Film Show. Library, 4 Hamilton Place, London W.1. 
7.30 p.m. 


BRANCHES 


11th November 
Halton.—Film Night. 
6.45 p.m. 
Henlow.—The Weapon System Concept. Handel Davies. 
Building 62. R.A.F. Technical College, Henlow. 8 p.m. 

12th November 
Cambridge.—A Lecture of General Interest. Air Marshal 
Sir Victor Goddard. No. 1 Lecture Theatre, Cambridge 
University Engineering Laboratories. 8.15 p.m. 

13th November 
Brough.-Fourth Cayley Memorial Lecture. An Historical 
Survey of Naval Aviation. Rear Admiral Charles L. G. 
Evans, Royal Station Hotel, Hull. 7 p.m. 
Chester.—Ultra-sonic Testing of High-Strength Aluminium 
Alloys. J. Crowther. Lecture Theatre, Grosvenor Museum, 
Chester. 7.30 p.m. 
London Airport.—Brains Trust. Staff Restaurant, B.O.A.C., 
London Airport. 6 p.m. 

14th November 


Branch Hut, R.A.F. Halton. 


Gloucester.—Impressions of Soviet Civil Aviation. C. 
Jenkins. The Wheatstone Hall, Brunswick Road, 


Gloucester. 7.30 p.m. 
15th November 


Birmingham.—Ultra-sonic Testing of Light Alloys. 
J. Crowther. Engineering Centre, Birmingham. 7.30 p.m. 
Dinner and Dance. Jackson’s Ballroom, 


Luton.—Branch Dinner. Leicester Arms, Luton. 


18th November 
Glasgow.—Medical Aspects of High Speed Flight. 
Weg. Cdr. W. A. Crawford. Room 24, College of Science 
and Technology, Duke Street, Glasgow. 7.15 p.m. 
Halton.—Film Night. Branch Hut, R.A.F. Halton. 
6.45 p.m. 

19th November 
Luton.— Debate. 
Airport. 6.15 p.m. 


Napier Senior Staff Canteen, Luton 


20th November 


Christchurch.—Operation and Maintenance of High 
Altitude Aircraft. Personnel of the 7th Air Division, 
U.S. Army Air Force. Kings Arms Hotel. Christchurch. 
7.30 p.m. 

Halton.—Visit to U.S.A.F. Base. 

Southampton.—Fifth Mitchell Memorial Lecture. The 
Developments of Propulsion Systems for High Speed 
Flight. Dr. S. G. Hooker. Institute of Education, 
University of Southampton. 7 p.m. Please note change of 
venue. 


25th November 


Henlow.—The Helicopter—Has it a Future? F. H. 
Robertson, Building 62, R.A.F. Technical College, Henlow. 
7.30 p.m. 


27th November 


Hatfield.— Experiences of an Airline Pilot. Captain O. P. 
Jones. de Havilland Restaurant, Hatfield. 6.15 p.m. 


28th November 


Bristol.—Junior Members Paper Competition. Filton 
House. 6 p.m. 
Halton.—Film Night. 
6.15 p.m. 


Branch Hut, R.A.F. Halton. 


2nd December 


Halton.— Film Night. Branch Hut, R.A.F. Halton. 
6.15 p.m. 

3rd December 
Boscombe Down.—-The Weapon System Concept. Handel 
Davies. Lecture Hall, A. and A.E.E. 5.45 p.m. 
Luton.—Fuels, Past, Present and Future. Dr. R. A. Roper. 
Napier Senior Staff Canteen, Luton Airport. 6.15 p.m. 


4th December 


Bristol.—Joint Lecture with Institution of Production 
Engineers. Automation. John Sargrave. Main Lecture 
Theatre, Engineering Laboratories, University of Bristol. 
7A5 p.m. 
Leicester.—The Economic Basis for the Design of a 
Freight Aircraft. A. H. Stratford. Lecture Theatre, 
Loughborough College, 6.45 p.m. 

5th December 
Cambridge.--The Development of the P.1. F. W. Page. 
No. 1 Lecture Theatre, Cambridge University Engineering 
Laboratories. 8.15 p.m. 

9th December 
Halton.—Lecture by E. A. Tennant. Branch Hut, R.A.F. 
Halton. 6.45 p.m. 

10th December 
Bristol.— Aviation Finance. G. E. Knight. Filton House. 
6 p.m. 
Airport. Airline Economics. Stephen Wheat- 
croft. B.E.A. Viking Centre Cinema, Halton Cross. 6 p.m. 

Brough.—Future Trends of Aircraft Propulsion Units. 
Air Cdre. F. R. Banks. Royal Station Hotel, Hull. 
7.30 p.m. 
Chester.—Lecturettes. Lecture Theatre, 
Museum, Chester. 7.30 p.m. 
Christchurch.—Fatigue Tests on the Bristol “ Britannia.” 
Dr. W. J. Strang. King’s Arms Hotel. 7.30 p.m. 
Hatfield—The Domain of the Helicopter. R. Hafner. 
de Havilland Restaurant, Hatfield. 6.15 p.m. : 
Reading.The Investigation of Aircraft Accidents. 
E. L. Ripley. Upper Canteen, Western Manufacturing 
(Reading) Ltd. 6 p.m. 
Southampton.—The Weapons System Concept. Handel 
Davies. Lecture Theatre, Physics Dept., University of 
Southampton. 7 p.m. 

12th December 
Cheltenham.—Problems of Progressive Failure. Sir Alfred 
Pugsley. St. Mary’s College, Cheltenham. 7.30 p.m. 
Glasgow.—Fatigue and Fail-Safe in Aircraft Structures. 
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N. F. Harpur. Room 24, College of Science and Tech- COMMONWEALTH FUND FELLOWSHIPS 


nology, Duke Street, Glasgow. 7.15 p.m. 

16th December 
Henlow.—Artificial Satellites. Dr. M. W. Ovenden. Build- 
ing 62, R.A.F. Technical College, Henlow. 7.30 p.ni. 

6th January 1958 
Halton.—Film Night. 
6.45 p.m. 

7th January 
London Airport.—Airline Operational Flying. 
Baillie: and Film—* London Airport.” 6 p.m. 
Luton.—Junior Paper Evening. Napier Senior Staff 
Canteen, Luton Airport. 6.15 p.m. 

8th January 
— Safe Structure. N. F, Harpur. Filton House. 

p.m. 

Brough.—Young People’s Christmas Lecture. The Speed 
Record. L. P. Twiss. Newland High School, Cottingham 
Road, Hull. (Afternoon.) 
Gloucester.—The Design and Development of the Aero- 
nautical Gas Turbine with Special Reference to the Rolls- 
Royce Dart. L. Howarth. The Wheatstone Hall, Bruns- 
wick Road, Gloucester. 7.30 p.m. 
Hatfield.—Social Evening. de 


Branch Hut, R.A.F. Halton. 


Capt. W. 


Havilland Restaurant, 


Hatfield. 
Reading.—Automatic Pilots. N. Sullivan and F. A. 
Summerlin. Upper Canteen, Western Manufacturing 


(Reading) Ltd. 6 p.m. 
Southampton.—Annual General Meeting and Film Show. 
Institute of Education, University of Southampton. 7 p.m. 

13th January 
Glasgow.—Guided Weapons. J. J. Gait. Room 24, 
ee pe of Science and Technology. Duke Street, Glasgow. 
.15 p.m. 
Henlow.—Procedures of Test Flying at Supersonic Speeds. 
Weg. Cdr. R. P. Beamont. Building 62, R.A.F. Technical 
College Henlow. 7.30 p.m 

14th January 
Boscombe Down.—Aircraft Control. Prof. G. A. Whit- 
field. Lecture Hall, A. and A.E.E. 5.45 p.m. 
Cambridge.—Medical Aspects of Modern’ Aviation. 
Wg. Cdr. Lewis. No. 1 Lecture Theatre, Cambridge 
University Engineering Laboratories. 8.15 p.m. 

15th January 
Brough.—Aviation’s Prophets. Capt. J. L. Pritchard. 
Lecture Hall, Electricity Offices, Ferensway, Hull. 7.30 o.m. 
Chester.—Nuclear Propulsion of Aircraft. R. E. Wigg. 
Lecture Theatre, Grosvenor Museum, Chester 7.30 p.m. 
Leicester.—Main Society Lecture. Rolls-Royce Engines. 
A. A. Lombard. Lecture Theatre, Loughborough College. 
6.45 p.m. 


AERIAL NAVIGATION AND AIR TRAFFIC CONTROL 

The next international annual meeting of the Radio 
Location Committee (Ausschuss Fiir Funkortung) will be 
held in Berlin on “Aerial Navigation and Air Traffic 
Control” from 19th-24th May 1958. Subjects to be 
discussed will include : — 

Part 1—Experiences gained on board aeroplanes with 
regard to aerial navigation and air traffic control on long- 
distance flights. Part 2—Experiences gained on board 
aeroplanes with regard to aerial navigation and air traffic 
control on medium and short-distance flights as well as 
during approach and landing. Part 3—Procedure and 
techniques of air traffic control. Part 4—Navigation 
meteorology as part of the basis of aerial navigation and 
air traffic control. Part 5—Charts for aerial navigation 
and air traffic control. Part 6—The present state of pro- 
cedures and techniques of radio-navigation deriving assist- 
ance from the ground. Part .7—Methods and techniques 
of aerial navigation independent of the ground. Part 8— 
Board instruments for aerial navigation and air traffic 
control, such as compass, altimeters, radio sets, instruments, 
control apparatus. Part 9—New scientific results which 
can eventually be employed to the advantage of aerial 
navigation and air traffic control. 

Participation in the meeting will be by personal 
invitation and those interested should write to the Director, 
Ausschuss Fiir Funkortung, Am Wehrahn 94, Diisseldorf. 


Twenty Commonwealth Fund Fellowships in the 
General category are offered to degree graduates (men and 
women) of a university in the United Kingdom of Great 
Britain and Northern Ireland for 1958. Candidates must 
be available in London for interview in March 1958 and 
must be between the ages of 23 and 32. Tenure will be 
twelve to twenty-one months. Closing date of applications; 
16th December 1957. 


Five Fellowships are offered to permanent members 
in the higher ranks of the Civil Service in Great Britain, 
three for the administrative grades and two for the scientific 
and professional grades. Age: preferably under 40, 
Tenure: nine to fifteen months. Closing date of appli- 
cations, which are to be made to the Treasury: 
10th December 1957. 


- Three Fellowships are offered to journalists practising 
in the United Kingdom and engaged on the opinion-making 
or broadly editorial side of their profession. Age: 23 to 
35. Tenure: nine to fifteen months. Closing date of 
applications: 31st December 1957. 


The Fellowships are for study and travel in the U.S.A. 
and are open to British subjects (men and women) who 
are not normally resident in or near the Americas and 
who have not previously worked or studied for more 
than a few months in the United States. 


Application forms and further particulars may be 
obtained from Universities, or through Government 
Departments or from The Warden, Harkness House, 38 
Upper Brook Street, London, W.1. (Note new address 
as from Ist November 1957.) 

This is the last year of the present series of awards in 
the Fund’s British Programme. In 1959 the present six 
categories will be merged into one Fellowship programme 
which will be known as The Harkness Fellowships of the 
Commonwealth Fund. Revised regulations for these 
Fellowships will be available from the Warden of Harkness 
House in September 1958. 


CoRNELL’S TENTH ANNIVERSARY 
To celebrate its tenth anniversary, the Cornell Aero- 
nautical Laboratory has issued “A Decade of Research 
1946-56” describing the work done at the Laboratory. 
In the section describing the Library is the following:— 


“While the Library has not attempted to build up 
an extensive collection of historical or rare material, 
it does have some unique literature. Items include 2 
complete set of the Journal of the Royal Aeronautical 
Society, one of eight sets in the United States... .” 


AMELIA EARHART GRADUATE SCHOLARSHIPS FOR WOMEN 

The Annual Amelia Earhart Scholarship to encourage 
graduate study by women in the field of aeronautical 
engineering is offered by Zonta International (Internationa! 
Organisation of Executive Women) for the year 1957-58. 
Applicants must be recommended for fine character and 
high ability and must hold a bachelor’s degree. Scholar 
ships of $1,800 each will be awarded to one or mot 
women for graduate study in engineering with special 
interest in aeronautics. The scholarships may be used 0 
any approved school where aeronautical work of a high 
order is offered on the graduate level. 

Further information and application forms, which mu‘ 
be returned by Ist March 1958 may be obtained from 
Zonta International, Dr. Helen Pearce, Chairman, 490 Oa 
Street, S.E., Salem, Oregon, U.S.A. 


Twenty-three awards have been made since the Scholat- 
ship was established in 1938. 


Ir 
aerod 
possi 
airfra 
contr 
airfra 
simp! 
that | 
Struct 
integi 
rotati 
of un 
well 
probl 
engin 
tratec 
to th 

impo 
satisf 
no n 
desig 
the t 
can | 


2 
Engin 
CB. 
Introd 
of the 
ht 
mass 
hong 
supers 
increa 
acropl 
Camb; 
joined 
steam 
3 


The Journal of the Royal Aeronautical Society 


WITH WHICH IS INCORPORATED THE INSTITUTION OF AERONAUTICAL ENGINEERS 


yOLUME “61 ‘NOVEMBER 


NUMBER 563 


Engine-Airframe Integration 


by 


L. F. NICHOLSON, M.A., F.R.Ae.S. 


(Head of Aerodynamics Department, Royal Aircraft Establishment) 


The 1,034th lecture to be given before the Society * Engine- 
Airframe Integration” by L. F. Nicholson, M.A., F.R.Ae.S., 
was given on 4th April 1957 at the Institution of Mechanical 
Engineers, | Birdcage Walk, London S.W.1. Mr. E. T. Jones, 
CB, O.B.E., F.R.Ae.S., President of the Society, presided. 
Introducing the Lecturer Mr. Jones said that with the advent 
of the turbo-jet engine came a demand for a very much greater 
mass flow through the engine and so the design of the intake 
io the engine became of greater significance. As the years had 
gone by they had moved from subsonic through transonic to 
supersonic speeds, the design of intakes had become of ever- 
increasing difficulty and they were to hear some of the problems 
in integrating that design of intake with the design of the 
aeroplane. Mr. Nicholson had had a long experience in this 
class of work. He started by taking his mathematics tripos at 
Cambridge and his aeronautical sciences tripos in 1939 and then 
joined the research group at General Electric Company on 
steam turbine work. He would probably still be working on 


steam turbines had it not been for the war. When the war 
started that little group of research workers, together with 
Mr. Nicholson, were moved to the R.A.E., Farnborough, and 
so from working on prime movers for ship work he had 
become interested in prime movers for aircraft. 

He would not enumerate all the many jobs which 
Mr. Nicholson had had since he went to the R.A.E. but he was 
responsible for the design of the first supersonic wind tunnel 
installed there round about 1946 and from 1948 to 1954 was 
in charge of the supersonic research work at the R.A.E. For 
the past two years he had been the head of that most 
renowned department of the Royal Aircraft Establishment, the 
Aerodynamics Department. When one considered that that 
responsibility took in its train the aerodynamics programme 
at the R.A.E., Bedford, the scope and depth of his work was 
clear. Although Mr. Nicholson was a comparatively young man 
he held a responsible position and he did not think there was 
anyone more able to speak on the subject that he had chosen. 


|. Introduction 


In this paper the subject is considered from an 
aerodynamic point of view and no discussion of the 
possibilities of structural integration of the engine and 
airframe in the sense of using parts of the engine to 
contribute to the structural strength or stiffness of the 
airframe is included, beyond the statement that the 
simplest consideration and roughest calculations suggest 
that the sort of deflections obtained on typical aircraft 
structures at full load do not seem compatible with the 
integration into such a structure of engines having 
rotating parts and fine clearances, although in the case 
of units such as ram-jets such structural integration may 
well be practicable and desirable. Another structural 
problem which leads naturally to the consideration of 
engine and airframe as a single unit is the problem of 
improving flutter characteristics by placing the concen- 
trated masses of the engines in suitable positions relative 
to the wing. 

The disposition of the engines can have such 
important effects on the structure weight needed to give 
satisfactorily high flutter speeds, that this aspect can by 
no means be ignored in considering a new aircraft 
design. However, no useful general principles as to 
the best disposition from an aeroelastic point of view 
can be drawn and, in any case, other considerations 


concerning the positioning of the air intake and the jet 
exit, which will be discussed later, may often dominate 
the choice of layout—particularly at high speeds. 


Returning now to the aerodynamic aspects of the 
subject, the main theses of this paper are as follows. 
First, that as speeds increase, the efficiency of the intake 
becomes so large a factor in the overall efficiency of the 
aircraft, and the interference between the jet and the 
airframe, through noise and through steady shock waves, 
becomes so serious that the type of air intake and the 
position of the exhaust jet have to be considered as an 
integral part of the aerodynamic design of a high speed 
aircraft. The aircraft cannot be conceived first and the 
propulsive units considered afterwards. Second, as 
speeds increase, and particularly at Mach numbers of, 
say, three and above, where the ram-jet may be the 
natural power plant, the size of the air intake becomes 
such that rather than thinking of burying the engine in 
the wing it may be more appropriate to consider to 
what extent the aircraft can hide behind its air intake. 
Moreover, the size of the intake and exhaust nozzle 
appropriate to high speeds is such that the intake width 
becomes a significant proportion of the span of the 
aircraft and an appreciable part of the weight of the 
aircraft will be supported by the aerodynamic forces on 
the fairing joining the inlet and the exhaust nozzle. 
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In such circumstances clearly the engine becomes an 
integral part of the aircraft, from the point of view of 
lift, drag and balance and, indeed, will probably become 
part of a single unified structure. The first part of the 
paper is concerned with these two points in relation to 
high speed cruising flight. 

In two further parts of the paper the thesis is put 
forward that the engine may be called on to play its 
part, particularly at low speeds, in the carrying of 
weight, either by direct reaction or by influencing the 
flow around lifting surfaces. In the second part the use 
of deflected jets is considered briefly and in the third 
part the behaviour of jet sheets and some aspects of 
their impact on aerodynamic thinking and on the prob- 
lems of low speed flight are discussed. At the stage 
where the engine is not only overcoming the aero- 
dynamic drag but providing lift and controlling the flow 
over the lifting surfaces, engine-airframe integration 
from an aerodynamic point of view has reached an 
advanced stage and the concept of an aircraft as a glider 
with engines is no longer a useful approximation. 


2. Interference between Jet and Airframe 


The importance of arranging that the choice of 
engine position on a high speed aircraft allows of a high 
intake efficiency is well enough accepted not to need 
further emphasis, but some emphasis may be needed on 
the serious problems of interference between the jet and 
the rest of the aircraft, problems which will have as 
great an influence on the choice of layout for supersonic 
aircraft as the need for high intake efficiency. This 
interference between the jet and the airframe may arise 
from two quite different causes—the jet noise or shock 
waves arising from an over- or under-expanded jet. 

There is some data from which to estimate the order 
of intensity of the pressure fluctuations in the noise 
field in the region of a jet", although the understanding 
of the noise field within a few jet diameters of the jet 
axis is rudimentary. It is, however, certain that the 
jets from large jet engines with jet velocities in the range 


2000 — 
(Vz ~V) Ft] sec tig | CONSTANT 
1000 = 
500 1000 
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Ficure 1. Variation with forward speed of the shear velocity 
at the edge of the jet from a typical turbine engine. 


NOVEMBER 495; 


Sh 
FREE STREAM MACH NUMBER:25 
——— JET MACH NUMBER © 2-25 
‘SET AREA SS40F VALUE FOR FULL EXPANSION 
TO FREE STREAM PRESSURE 
FicuRE 2. Pressure field due to an under-expanded jet 


emerging into a uniform free stream. 


which is normal practice with reheat must be kept well 
away from other parts of the structure, or structural 
weight penalties must be accepted. 

One significant fact in the jet noise picture is that 
the noise is a function of the shear velocity at the jet 
exit and increases very rapidly indeed as the velocity 
increases, even though it varies less rapidly near the 
jet than the theoretical, V*, variation. For any jet 
engine the shear velocity at the edge of the jet (V,-V), 
where V; is the jet velocity relative to the aircraft and 
V the flight speed, decreases as V increases, a typical 
variation being shown in Fig. 1. If, for example, noise 
intensity varies as the sixth power of the shear velocity 
(V;—V) the noise intensity will be reduced to 60 per 
cent of the static value by the time a typical take-off 
speed of 120 knots* is reached. The implication of 
this is that the problem of structural loads induced by 
jet noise is essentially one of ground running and take- 
off and not of cruising flight and can be tackled 
accordingly. 

In supersonic flight, the most serious jet interference 
problem is that arising from over- or under-expanded 
jets. The shock patterns within supersonic jets which 
are not at atmospheric pressure when they emerge from 
the nozzle are familiar from pictures of rocket jets 
When the aircraft flight speed is supersonic these shocks 
are not confined to the jet but spread into the surround- 
ing stream. Somewhat cumbersome methods of calcu: 
lation of the strength of such shocks and their influence 
on neighbouring parts of the aircraft are available, 4 
are certain experimental facilities, where the strength 
can be measured, notably the jet-interference tunnel a 
the R.A.E. In any particular case the use of 2 
convergent-divergent exhaust nozzle of the right size and 
shape in the divergent position could eliminate thes 
shocks. However, at high supersonic speeds if the 
intake efficiency is high the required size of jet pipe ex! 
would be considerably larger than the inlet, or the engité 
itself. The area would also have to vary in a precisel! 
specified way as flight speed and engine thrust wet 
altered. 

For these reasons, and because considerabl 
departures from the ideal nozzle are possible withou! 
serious loss in thrust, the design compromises made !! 


*138-18 m.p.h. 
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L. F. NICHOLSON 


any practical engine installation are likely to be such that 
fairly strong shocks will be propagated from the jet in 
some flight conditions. In these circumstances it is 
dificult to choose typical conditions to illustrate the 
flow pattern in the region of jet exit at supersonic flight 
speeds, an example is, however, given in Fig. 2. Here 
a jet of Mach number 2:25 is assumed to emerge into 
a uniform stream at a Mach number of 2:5, but the 
exit jet is assumed to have a diameter only 95 per cent 
of that required for expansion of the jet to free stream 
static pressure. Only the full line parts of the curves 
have been calculated, the dotted portions being merely 
diagrammatic. The slow decay of the initial shock wave 
is well illustrated. The pressure rise behind the shock 
is, of course, associated with a flow deflection. In the 
example given a pressure rise Ap/p of 0-1 corresponds 
to a flow deflection of 14°. 

Pressures and flow directions of this order can 
certainly produce significant changes in pitching or 
yawing moments as a tailplane or fin passes in or out 
of their influence. However, the real strength of the 
argument for so placing the jet that shocks from it cannot 
fall on other parts of the airframe may lie in the 
problem of the much stronger shocks which could arise 
if the jet exit control mechanism were to fail. 

While the supersonic concept of the jet as some- 
thing liable to spread serious disturbances outwards and 
rearwards, does not of itself force the supersonic aircraft 
designer towards any one layout, the problems it sets 
may be expected to lead towards designs with the jet 
exits well to the rear. For example, the short engine 
pod below and ahead of the wing, or installations with 
jet exits at the wing trailing edge close to a fuselage or 
control surfaces, will certainly be at a disadvantage 
compared with installations with the jet exit at the rear. 
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Ficure 3. Aircraft characteristics assumed in examples. 
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Ficure 4. Assumed variation of air intake pressure recovery 
with Mach number. 


3. Problems of Engine-Airframe Integration 
at High Speeds 


In this section the kind of engine and airframe 
characteristics appropriate to flight at Mach numbers 
up to 5 are studied and some of the implications on 
engine airframe integration are exposed. The aircraft 
characteristics assumed have been defined in the 
simplest way in terms of curves of L/D, Aspect Ratio 
and Frontal Area/Wing Area against Mach number 
and are given in Fig. 3. These curves are no more 
than rough guesses at the sort of values which might 
be expected but, fortunately, the conclusions to be 
drawn from the examples are not particularly sensitive 
to the exact values used. 

Turning to the power plant characteristics, the size 
and shape of intake, engine and exhaust system for best 
range are found to be fairly strongly dependent on the 
efficiency of the intake—a more efficient intake leading 
to a larger air flow, with a cooler slower jet, for a given 
thrust. It follows that the choice of air intake pressure 
recovery to use in working out the examples to illustrate 
this section, must be considered carefully. Below a 
Mach number of about 2:5 the pressure recovery to be 
expected from a reasonably well designed air intake can 
be stated with some confidence, but at higher Mach 
numbers there is an increasing range of choice. This 
range is illustrated by the shaded area in Fig. 4. Since 
this paper is concerned with the future, rather than the 
present, the examples are based on the full line curve 
in Fig. 4 which is considered to represent the sort of 
values which could well be set as a realistic future target 
for developments in this field, the sort of values which, 
while they could not be guaranteed now, may well be 
achieved in due course. 

Turning these intake pressure recoveries into thermal 
efficiencies and thrusts per unit mass flow, involves 
sweeping assumptions as to the characteristics of power 
plant used. In this case an arbitrary set of turbo-jet 
characteristics has been assumed for Mach numbers up 
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o6 og Fig. 6 has been prepared. This shows, in a simplified 
ceieeaie. Fe, fe form, the front view of an aircraft with the given 
EFFICIENCY characteristics and the undisturbed stream tube area of 

0-4 Fs LZR TT NG the air passing through the engines in the minimum 

Ps i ~X possible air intake size. In one case this is drawn as 
Lae 4 ae | for a single engine and in the other, with the intake as Z 
a rectangle suitable for a four engine installation. No 
“iit, SHADED AREA REPRESENTS RANGE attempt has been made to suggest possible ways in | 7Z 
which the engines might be mounted relative to the 
of 5 ; SHSWa In Fis. 4 aircraft, or to suggest suitable aircraft layouts, but the | 7 
MACH N2 figures show clearly how the engine size varies with 
Mach number from something which at the lower Z 
‘ _ supersonic speeds is relatively small compared to the 
| wing span and thickness, to something which is so big Y 
UNIT MASS FLOW \ lewwer | that it is absurd to consider the engine as something 
; ae all added to the airframe—the engine and airframe must Z 
| | clearly be integrated aerodynamically and_ probably 
| | | structurally as well at Mach numbers above about 3. | pq 
‘ | | | When, as is shown, the engine ducts have a width of | inta 
0 1 2 3 4 5 half the span of the aircraft, the duct must be conceived 


MACH 
UNIT MASS FLOW HAS BEEN MADE NON- DIMENSIONAL 
BY DIVIDING BY THE SPEED OF SOUND 


as part of the lifting system of the aircraft rather than 
as concerned with thrust alone. 
As stated earlier, in the examples illustrated the | Wa) 


Ficure 5. Engine characteristics assumed in examples. size of the ram-jet has been chosen to give the required rati 
thrust when operating at the mixture strength for least size 
to about 2:5 and simple ram-jet calculations have been specific consumption. A few calculations have shown | istic 
made for higher speeds, the ram-jet characteristics being that operation at appreciably richer or weaker air/fuel | cha 
defined as follows: — mixtures is possible for quite a small price in specific | on 
Mach number at combustion chamber consumption. However, while considerations of engine | bee 
inlet 0-15 weight and intake drag might suggest that a smaller | At 
Pressure drop due to wall friction, flame engine would in fact be chosen, the desire to keep | _ hid 
holder drag, and so on, in com- temperatures low and to have a large amount of reserve | 50 
bustion chamber in terms of velocity power without loss of efficiency leads towards a larger | but 

head at combustion chamber inlet 4q engine and the figures chosen are considered sufficiently | beh 
Combustion efficiency 90 per cent representative of probable practice once high inlet | 
Isentropic expansion in exit nozzle. efficiency is achieved, not to be misleading. volt 
For the ram-jet the calculations of efficiency, thrust If the ram-jet engines are considered in rather more | and 
per unit rate of mass flow and cross sectional area were detail, the relative sizes of inlet, combustion chamber volt 
made for the fuel-air ratio giving best specific fuel and exhaust nozzle and the way these change as flight | Fig. 
consumption. The results of these calculations and speed increases are found to be interesting. Fig. 7 has | 80. 
corresponding figures for the turbo-jet engine are given therefore been prepared in which, for axially sym- | and 
in Fig. 5. metrical and for two-dimensional engines, the rough | Was 
From the curves of Thrust /Unit Mass Flow, Aspect shapes and proportions are shown. This is not a paper | 41 
Ratio, Lift/Drag Ratio and Frontal Area/Wing Area, on supersonic air intakes and hence no attempt has been | 0 
made to suggest suitable ine | Adi 
take designs for the various | fp 
Mach numbers. The air in- 
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FigurRE 7. Diagram showing relative shapes and sizes of air 
intakes, combustion chambers, and exhaust nozzles for ram-jets 
over the Mach number range 2 to 5. 


way in which, as the speeds rise and the compression 
ratio of the intake increases, the combustion chamber 
size becomes almost insignificant. This is a character- 
istic of the intake pressure recovery and is not a 
characteristic peculiar to a ram-jet. If a turbo-jet were 
considered appropriate to this speed range it too would 
become small relative to its intake and exhaust nozzle. 
At Mach numbers above about 3 the “‘engine”’ is 
hidden behind its own intake and, in fact, the problem 
isno longer one of burying the engine in the airframe 
but rather of how much “airframe” can be hidden 
behind the intake. 


To emphasise this point it is worth considering the 
volume between the surface defined by joining the intake 
and exhaust by straight lines and the engine duct-——the 
volume corresponding to the cross-hatched regions in 
Fig. 8. As an illustration it has been assumed that 
80 per cent of this volume is filled with kerosine fuel, 
and the range for which this fuel would last in level flight 
was worked out for an all-up weight of 100,000 Ib. and 
an indicated speed of 380 knots. The answers are shown 
in Fig. 8 and may well be somewhat surprising. 
Admittedly this is only an example to emphasise the 
importance and size of this space—-in practice much of 
it might be taken up with the variable intake and 
exhaust nozzle mechanisms which would be needed if 
such an aircraft were to accelerate under its own power 
and some of the space might not be considered suitable 
for fuel stowage, nevertheless, the case seems clearly 
made. When at high speeds the engines, or rather the 
internal air ducts, have grown to such a size that their 
width is more than half the span of the aircraft, the 
frontal area is more than half the frontal area of the 
aircraft designed as a glider and space equivalent to 
the fuel stowage for several thousand miles of cruising 
flight can be found hidden behind the air intake, it is 
pointless to consider the aircraft and power unit 
separately at all—integration is inevitable—not as a 
matter of choice but from circumstance and the com- 
pulsion of geometry. 


6000 
4000 
RANGE 
(NAUT* MILES) 
2000 A 
2 3 4 5 


Fuel volume~80°, of shaded area x span of ram-jet 


All up weight = 100,000 Ib. Dynamic head, g—500 Ib./ ft.? 


FicurE 8. Cruising range corresponding to the spare volume 
between air intake and exhaust nozzle if used for fuel stowage. 


While it must be emphasised once more that the 
numerical values given in the examples stem from the 
initial assumptions on air intake efficiency, the general 
conclusions would have been unchanged even had con- 
siderably more conservative figures for pressure recovery 
been chosen. 


4. The Use of the Propulsive Jet to Augment 
Lift 

So far the engine has been considered only as a 
thrust producing device, although the casing surround- 
ing the engine may well be an integral part of the aircraft 
structure, may carry an appreciable part of the lift forces 
on the aircraft and may even provide a large part of 
the stowage volume. However, strictly speaking, the 
split of the forces on an aircraft into lift and drag, 
balanced by weight and thrust is arbitrary and can be 
misleading in its implied assumption that the thrust of 
the engines should be directed along the line of flight. 
In the past this assumption has led to little or no error 
in the design of an efficient aircraft, but the development 
of the modern light-weight jet engine has been such 
that the partial use of engine thrust to support the weight 
of the aircraft will in future be worth consideration, 
mainly in connection with low speed flight for short 
periods in the landing and take-off phases, but in certain 
cases in high speed flight also. 


5. General Problem of Jet Lift in Cruising 
Flight 
In the general case the familiar concept of a balance 


between a separate pair of vectors representing Lift and 
Weight and another pair representing Thrust and Drag 
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L.D POLAR FOR AIRCRAFT 
3 


D,=Zero lift drag. 
D,=Induced drag. 
L= Lift. 
A=Aerodynamic force on aircraft. 
Tg=Gross thrust. 
Tn=Net thrust (with zero jet deflection). 
I=Intake momentum drag. 
T=Engine thrust with jet deflection. 
6=Jet deflection angle. 


FicurE 9. Vector diagram for steady flight for an aircraft 
with deflected jet. 


can be replaced by a triangle of forces formed by 
vectors representing weight, aerodynamic force and 
engine thrust—the split between aerodynamic force and 
engine thrust being taken, loosely, as whether the 
reaction to the force appears as a change in momentum 
of the internal flow through the engine, or the external 
flow around the aircraft. 

When the direction of the propelling jet is not along 
the line of flight it is necessary to distinguish between 
the net thrust and the gross thrust, since deflecting the 
jet downwards causes an increase in the resultant force 
due to the engine.* 

The final force diagram is as shown in Fig. 9 and 
the aerodynamic characteristics of the aircraft are 
represented by the line labelled -./D polar for aircraft, 
which is the locus at the end of vectors with origin at 
O representing the aerodynamic force for all attitudes 
of flight. 

When considering an aircraft flying at a range of 
different speeds it is more convenient to reduce all the 
force vectors to non-dimensional coefficient form, 
dividing by wing area and }pV*. In this case the 
aircraft weight is represented by Cy, a weight coefficient, 
and for an aircraft of given weight, the choice of Cw 
corresponds to a choice of wing loading and /or indicated 
speed—larger Cw corresponding to lower speed or 
higher wing loading. For most efficient cruising in level 
flight the criterion is that W/Tn should be a maximum, 
where Tn is the net thrust, with zero jet deflection, and 
is equal to (Tg-I). The geometry of the figure suggests 
that the maximum value of W/Tn can be larger than 


*The resultant force due to an engine with deflected jet may 
be considered either as the resultant of a gross thrust acting 
along the jet and an inlet momentum drag acting along the 
line of flight or, if preferred, as the sum of the net thrust 
acting along the direction of the jet plus the lift which would 
have been developed by the deflection of the air passing 
through the engine had it emerged at the flight speed. 


GROSS THRUST / * 
| 


is 


105] — 
GROSS THRUST, | T>~_ 
NET THRUST | 


(5) MAK 


FiGuRE 10. Effect of deflected jet on efficiency of Cruising 
flight. 


(L/D) max, particularly when Tg/Tn is large and (L/D),,, 
is small. 

If CD, is taken to be proportional to C,? the optimum 
value of W/(Tn) can easily be obtained analytically in 
terms of the ratio T7g/Tn and the maximum value of 
C,/Cp. Such calculations have been made and the 
results are shown in Fig. 10. The foregoing suggestion 
is borne out and for the high values of Tg/Tn likely 
to be used at Mach numbers above about 2:5, and for 
the low values of L/D which are likely to be obtained 
at these speeds (see Fig. 3) it is definitely worthwhil 
to deflect the jet downwards and carry a proportion of 
the load in this way. The deflection of the jet required 
for best efficiency is about twice the angle of incidence, 
the deflection being measured from the flight direction, 
Gains of up to 15 per cent in fuel consumption can bk 
obtained in conditions likely to be met in flight in the 
Mach number range 3 to 5. The dotted curve showing 
the gains when the gross thrust and net thrust are equal, 
the limit approached when jet velocity is high and mass 
flow low, emphasises that significant gains in economy 
due to deflecting jets in cruising flight are only obtained 
when Tg/Tr is large, i.e. low jet velocity, large mass 
flow. 


6. The Use of the Engine Thrust to Sustain 
Flight at Low Speeds 


The methods used in the previous section for deter- 
mining the minimum thrust required in cruising flight 
and the best jet direction, can be used to determine the 
least amount of thrust and the best jet direction to ge! 
any desired flight speed, with an aircraft of given aero- 
dynamic characteristics and wing loading. However, 
the designer seeking an aircraft combining good cruising 
characteristics and low minimum flying speed is no 
concerned only with the best use of given engines, bu! 
with choosing the right combination of wing shape and 
size, power plant size and jet direction. This is so subtle 
a matter of the weight, as well as the aerodynamics, 
various arrangements that little in the way of useftl 
general comment can be made. 

It may, however, be worth considering briefly th 
choices before a designer who wishes to reduce th 
minimum flying speed of an aircraft designed for crus 
He has three main choices, to increase the maximul 
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FicurE 11. Relative weight of wing and engine to sustain lift 
during landing and take-off. 


lift coefficient, to increase the wing area thus lowering 
the wing loading or, to fit more engines and arrange 
for the thrust to be deflected downwards. * 

Provided the aspect ratio is high, so that the induced 
drag is not comparable with the lift, any reasonable 
increase in maximum lift coefficient will be the first 
choice, but it is as well to remember that extra lift, 
rather than extra lift coefficient, is the aim and where 
very light wing structures can be used extra wing area 
may weigh less and be more convenient than a more 
complicated device for increasing the maximum lift 
coefficient. Assuming in general that all practicable 
means of increasing Cimax have been used and lower 
flight speeds are still required, the choice is between 
jet lift and extra wing area. Clearly at very low speeds 
jet lift will show to advantage, while at high speeds the 
advantage will lie with the extra wing area, A rough 
guide to the sort of range of speeds in which the wing 
lift will be lighter is shown in Fig. 11. 

In the special case of very high speed aircraft the 
desired landing speed may be very much lower than 
that achievable (with flaps) with the wing area chosen 
for efficient cruising. The considerable increase in wing 
area needed would mean that the aircraft, when cruising, 
would operate well below the C, for max. L/D (or, 
if the cruising height were increased as compensation, 
would require a much heavier power plant). In such 
a case it would be an over-simplification merely to 
consider whether the extra wings or the extra engines 
needed to give the desired reduction in landing speed 
were heavier. A more detailed analysis is required and 
these conditions will be found more favourable to lifting 
engines, instead of excessively large wings, than the 
simpler conditions would have suggested. 

The problem in getting a low landing speed from a 

heavily loaded, high speed aircraft which may well have 
a moderate or low aspect ratio is fundamentally one of 
getting enough power to sustain level flight at low 
speeds. Power must be available to break away during 
the approach in case of a baulked landing, so that the 
ability to fly level at the approach speed is a real 
criterion. 
“In practice it will often be more convenient where extra thrust 
for low speed flight is required, to fit this in the form of 
light-weight lifting engines and to vary the direction of thrust 
by varying the ratio of thrust of the lifting and propulsive 
engines, instead of arranging to deflect the jet (or slipstream) 
from the main engines. 


In considering this problem we are brought face-to- 
face with the fundamental dynamics of obtaining lift. 
Whether obtained by wings, rotors or jet, lift on an 
aircraft is obtained by deflecting a mass of air down- 
wards and for a given lift the larger the amount of air 
and the smaller its velocity, the more efficient the 
process. The amount of air on which a wing can 
operate is substantially determined by the span of the 
wing and no amount of ingenuity expended on increasing 
the lift coefficient obtainable from a wing can enable 
us to avoid the fact that large lifts associated with small 
spans require an excessive power and the only way to 
reduce the power is to increase the span. 

In the simple case where thrust is horizontal and 
does not contribute directly to the lift, a clear limit to 
the useful increase of lift coefficient can be taken as 
when the increment in induced drag is greater than the 
increment in lift 


1). 


Beyond this limit the extra thrust required to over- 
come the increased induced drag is greater than the 
extra lift produced. The wing is becoming grossly 
inefficient and it is likely that the use of lift engines or 
jet deflection will be preferred. This limit, for ideal 
spanwise lift distribution, is given by C,=(=A/2), or 
by the alternative form 


4pV?.b? 2” 
which brings out the fact that it is a limit on lift obtained 
from a given span. 

It is, however, possible to consider the minimum 
thrust required to maintain level flight at any desired 
speed, for a given wing loading and aspect ratio, the 
direction of thrust being considered as a variable. This 
may conveniently be done using the force diagram of 
Fig, 9, simplified by taking Tg=Tn=T (I=0) since 
only low speed flight is considered and remembering 
that the vector JT is normal to the Lift/Drag polar 
when the thrust is a minimum in any particular case. 
In Fig. 12 the results of such calculations are shown, 
induced drag being taken as C,?/=A in all cases and 
the wing loading being taken as 50 Ib./ft.*. Aspect 
ratios of 1-5, 3 and 6 have been considered and curves 
of minimum thrust/weight ratio for level flight plotted 
against flight speed. As the flight speed is reduced the 
lift coefficient needed to give the distribution between 
wing lift and jet lift which leads to the minimum thrust 
requirement increases. If the C, available is regarded 
as unlimited, a basic curve of minimum T/W against 
flight speed is obtained. If C;, is limited to any given 
maximum value, the curve of minimum 7/W against 
flight speed will be unaffected for values of flight speed 
higher than that at which the limiting value of C, is 
called for, but at lower speeds the limit on C; will lead 
to greater values of the 7/W ratio being required. 
Under these conditions of limited C;, the minimum T/W 
ratio may be represented by a branch curve breaking 
away from the basic curve for unlimited C, below the 
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Figure 12. Thrust/weight ratios required for level flight in 
the speed range of 0-120 knots for a range of limiting lift 
coefficients at aspect ratios 1-5, 3-0 and 6:0. 


appropriate value of flight speed. Such curves are 
included for a range of limiting values of C,. 

Looking at Fig. 12, the necessity of high aspect ratio 
if very high lift coefficients are to be of any value is of 
course again brought out, as it was in the case of hori- 
zontal thrust in the earlier paragraph. 


For an aspect ratio of 6, increased Cimax gives 


appreciable improvements in power required to maintain 


a given speed up to very high Cymax values of 4, 5 or 6. 


For aspect ratio 3, there is little gain beyond a C,n,, of 
3 and for aspect ratio 1:5 there is little to be gained 
from a Cymax much over 2. 

It is worth noting also that if we assume that a T/W 
ratio at landing of 0-3 from the normal engines will 
rarely be exceeded, the limiting flight speed below which 
extra engines will be required, even without limit to the 
available lift coefficient is 46 knots at an aspect ratio 
of 6, increasing to 66 knots at an aspect ratio of 3 and 
115 knots at 1:5. All these numerical results refer to 
the fixed wing loading of 50 Ib. /ft.* used in the examples 
in Fig. 12. 

In the last section it has been tacitly assumed that 
the direction of the thrust could be varied either by 
deflecting the jet or varying the ratio of thrust from 
normal engines and special lifting engines and no inter- 
ference with the air flow over the wing has been 
assumed. Providing the jet velocity is high and the 
mass flow is small, this assumption of no interference 
is reasonably true except for one case. The special case 
is ground interference in the static case, where if the 
jet emerges centrally from a wing very large interference 
can be obtained. Some results of a simple test are 
shown in Fig. 13 and it will be seen that if the aircraft 
is too near the ground a large part of the lift of the 
jets can be neutralised. In this case if the clearance 
between the wing and the ground was 0:14 wing 
diameter or less, the whole jet lift was destroyed. 
Curiously enough in the particular tests concerned, the 
pitching moments induced by the ground interference 
when the aircraft was pitched or rolled were relatively 
small, but a generalisation based on these results would 
be unwise. 

Conversely, of course, if the lifting jets emerge round 
the edges of a wing large favourable ground interference 
can be obtained and an aircraft can sit on a ‘ ground 
cushion” with thrusts far less than the weight. 

It was stated above that in general, interferences 
between a lifting jet and the aircraft would be small 
provided that the jet velocity was large and the jet mass 
flow small. The point has, however, been made earlier 
that small mass flow and large velocity was the most 
inefficient way of obtaining lift. Any attempts to obtain 
the lift with a large mass flow of air at small velocity 
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Ficure 13. Ground interference on jet lift aircraft hovering 
near ground. 
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gem bound to lead to serious interference and it is 
quite possible that this form of interference would be 
the most serious problem to tackle if the use of low 
velocity jets for direct lift were contemplated. 


7. The Jet Flap 


Another stage in the integration of power plant and 
airframe was reached with the concept of the jet flap 
described by Davidson in a recent lecture“. With this 
concept the engine moves from providing lift to augment 
the lift provided by the wings, to providing direct lift 
and controlling the lift provided by the wings. The jet 
emerging as a sheet from the aerofoil surface has a 
very powerful influence on the whole flow round the 
aerofoil and very large lift coefficients can be obtained. 
Until recently one of the major difficulties in assessing 
the value and application of the jet flap was lack of 
adequate data on the induced drag to enable reasonable 
performance estimates to be made on jet flaps applied 
to finite aspect ratio wings. This difficulty has been 
substantially alleviated recently by some new theoretical 
work by Maskell’, following up two-dimensional work 
by D. Spence, which provides a basis for induced drag 
estimates and is in substantial agreement with the 
limited experimental results. 

There is no doubt that the jet flap can produce large 
lift coefficients when required, even on low aspect ratio 
wings, but the jet flap cannot evade the general rule 
that if large lifts are obtained from small spans they 
will be accompanied by large induced drags. To see 
how the jet-flapped wing compares with the normal 
wing plus lifting engine in this respect calculations, 
based on Maskell’s work, have been made of the thrust 
required to maintain a jet-flapped aircraft in level flight 
over a range of speeds. As in the examples of direct 
jet lift given earlier, a wing loading of 50 Ib./ft.* and 
aspect ratios of 1:5, 3 and 6 are assumed. The results 
of these calculations are given in Fig. 14 where they 
are compared with the basic curves for direct jet lift 
with unlimited C,, available given in Fig. 12. It will be 
seen that the curves are almost identical, the jet flap 
providing the high C,,’s needed at low speeds but without 
any gain in thrust required compared with the case 
where the jet and the wing are independent. 

The comment made before about the lower limit of 
speed which can be obtained in typical cases without 
resort to extra engines, also applies to the jet flap. It 
follows that the promising lines of application for the 
jet flap are to cases where the use of high C,’s is 
justified. That is, to fairly high aspect ratio designs 
rather than to the low aspect ratio designs likely to be 
associated with high supersonic flight speeds, In the 
high speed, low aspect ratio, case where the jet flap 
shows little advantage the choice must rest on consider- 
ation of weight, convenience, duct lines, possible propul- 
sive inefficiencies in cruising flight and so forth and it 
is unlikely that the jet flap could compete with the use 
of direct jet lift. For higher aspect ratio designs the 
choice between wings with jet flaps on the one hand 
and direct jet lift added to wings with conventional high 
lift devices* on the other, cannot be decided without 
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FIGURE 14. Comparison of thrust weight ratios for aircraft 
with jet flap and jet deflection for aspect ratios 1-5, 3 and 6. 


detailed consideration of weights and engineering 
problems which cannot be considered in this lecture. 


Although it has been concluded that the jet flap 
in its normal form can do little to solve the problems of 
obtaining low landing speeds from low aspect ratio 
wings, the engine used to provide a jet sheet may still 
have an impact on the problem. The fundamental 
problem in getting high lift without excessive drag is to 
operate on a large quantity of air and here there seems 
to be possibilities that a jet sheet issuing sideways from 
the tips of a very low aspect ratio wing, might increase 
the effective aspect ratio significantly and so allow a 
higher C;, to be used. Although the potentialities of 
this concept have not been assessed as yet, it does show 
that there are still new fields for the integration of the 
engine and the airframe in the sense of using the engines 
to influence the air flow round the airframe. 


Throughout this consideration of the role of the 
engine in supporting the aircraft at low flight speeds, 
the problem of providing adequate stability and control 
has been passed over. If more than about half the 
weight of the aircraft is jet supported the normal forms 
of aerodynamic control are likely to prove inadequate 
and the use of the engines to provide control moments 
will be necessary. In special cases jet engines used 
either directly to provide control moments, or indirectly 
to alter the circulation round aerodynamic lifting sur- 
faces, may challenge the conventional aerodynamic 
control at high speeds as well as low. Detailed consider- 
ation of the contribution which engines can make to 
stability and control problems is, however, outside the 
scope of this paper. 


*Which may use the engines themselves either by suction or 
blowing to control the boundary layer and raise the circulation 
round the wing. 
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8. Concluding Remarks 


While this paper has not attempted to discuss the 
possible aircraft layouts which might result from a 
thorough integration of power plant and airframe, the 
various factors leading inevitably towards such inte- 
gration in certain flight regimes have been exposed. 
The need for an efficient intake, and for avoiding 
potentially serious interference between the jet and the 
aircraft, must be taken into account throughout the 


supersonic speed range. 

At the higher speeds, Mach numbers between 24 
and 5, say, the engine size relative to the aircraft grows 
to such an extent that very full integration is really 
forced on the designer concerned with this speed range. 
The case for choosing the direction of the jet so that a 
contribution to the lift is made, has been considered in 
general terms and a small but significant advantage 
shown under the conditions appropriate to very high 
speed flight. 

Turning to low speed flight, the ways in which the 
engine can contribute to lift and so reduce the minimum 
speed at which flight can be sustained have been con- 
sidered. The use of direct jet lift and of jet flaps has 
been considered. In the first place, with normal jet 
velocities the wing and lifting engines can be considered 
as having little aerodynamic reaction with each other, 
while with the jet flap, wing lift is controlled by the jet 
flow. With the moderately high aspect ratio aircraft 
typical of subsonic flight the jet flap can be a very potent 
and valuable high lift device, applicable to moderately 
low landing speeds (typically in range 40-60 knots). At 


the low aspect ratios more commonly associated with 
flight at high supersonic speeds, the induced drag 
associated with high lift coefficients becomes a problem, 
high lift coefficients are of little value and the jet flap 
no longer shows to advantage. For low aspect ratios, 
or for very low landing speeds, giving virtually zero 
landing and take-off run, direct jet lift involves little or 
no extra power compared with the jet flap and may 
often be preferred. 

In closing it may be worth remarking that there js 
little attraction in the type of engine-airframe integration 
which, for marginal advantages, leads to such specialisa- 
tion that each aircraft demands its individual engine 
design and also throws up a profusion of structural and 
aerodynamic problems special to the particular design, 
Flight at very high speeds and very low speeds makes 
integration essential, but as far as possible it should be 
the sort of integration where, starting with common 
building bricks, each design is built up to do its job in 
the full knowledge of their interactions one with another, 
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DISCUSSION 


c. F. JoY (Chief Designer, Handley Page Ltd., 
Fellow): He would like to congratulate Mr. Nicholson 
on a very interesting and in a way, rather a clever 
paper. By clever he meant in the sense that he had 
confined himself to the basic aerodynamic problems of 
engine-airframe integration, given them a great deal of 
food for thought with a number of interesting new 
conceptions and at the same time excluded many of the 
controversial aspects, thus leaving them, at least as far 
as he was concerned, with practically no alternative but 
to agree with everything he had said. 

He had not really expected the paper would be 
confined primarily to aerodynamics. He expected for 
instance, to hear something of the current, or at least in 
some places current, argument of the many small 
engines versus the few big engines on supersonic 
aircraft. Possibly something of the question of com- 


promise in engine design point between the take-off, 
He even 


transonic and supersonic cruise phases. 


thought they might hear something of the old chestnut, 
buried engines versus the podded engines. However, 
it happened that all these things had in fact been 
covered in the really fundamental sense, the point being 
made that the detailed arrangements would depend on 
the particular application. 

It was obvious that they could all agree that engine- 
airframe integration was essential in the supersonic 
aeroplane not only from the aerodynamic but also from 
the structural and installation considerations. In fact 
most would argue that they left behind the glider-with- 
engine concept with the advent of the high subsonic 
aeroplane. One point he would like to make, a very 
practical one, was that the present operational _philo- 
sophy on engine failure did not really permit integration 
if by integration they meant that the airframe could not 
manage, even with severe handicaps, without its 
engines. As of today, he believed both civil and 
military operators demanded a flyable aeroplane even 
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yith a complete engine failure. Clearly this sort of 
conception must be modified, particularly on future 
sitcraft. It would be interesting to hear what the 
lecturer thought about this aspect and also, the views 
of those interested in the operating side. 

Jet noise was of course a problem which they had 
already. Mr. Nicholson said it was not serious, or 
jot very serious. One could only imagine that in the 
future it was going to be very bad indeed because some 
of them were already in trouble. Apart from bad effects 
on the airframe there was also, as Mr. Nicholson said, 
the nuisance aspect. Since this difficulty was largely 
confined to ground running, and aeroplanes spent a fair 
amount of time on the ground with their engines 
running, it was just possible that a wider choice of exit 
location would be available if some form of ground 
equipment were accepted, such as the sort of thing that 
was being developed at the moment, for silencing 
engines on the ground. This could be adapted both to 
reduce noise level, the purpose for which it was 
normally intended and also, to minimise the damaging 
effect on the aeroplane. 

He had been going to raise the question of the 
100,000 Ib. aeroplane that went 5,000 miles at a Mach 
number of 5 and apparently farther still as Mach 
number was increased. He rather imagined, of course, 
that it was a hypothetical case; they had been told that 
night that it was not really a practical aeroplane. It 
did of course illustrate very well the point that was 
made, that there was a lot of room behind the intakes. 
Incidentally, since the wings, fuselage, control surfaces, 
and so on, had presumably to be stuck on to this engine 
fuel tank core, it seemed to him that they had then a 
well and truly buried installation. 

The use of deflected jets in supersonic cruising flight 
was, to him, rather a new idea and the improvement in 
fuel consumption due to an increase in L/D of 15 per 
cent was not in his opinion, merely nominal. He 
thought it was very important indeed and felt certain 
that those who had not already done so would now start 
looking very interestedly at this possibility, because it 
would have a very important effect on these high 
supersonic aeroplanes when L/D was inevitably low. 

When reading the paper he got a different impression 
of Mr. Nicholson’s view on the necessity for designing 
anew engine for a new airframe, from what he actually 
said in his spoken lecture. It seemed to him that they 
had come to the stage now when this combination was 
almost inevitable. At one time it was considered bad 
Policy to put new engines in new airframes, thus trying 
two new things together. Nowadays, however, the duty 
of a new aeroplane was vastly changed compared with 
its predecessor; this was due he supposed to the 
lengthy time lapse beween the two operational require- 
ments. The new aeroplanes’ duty got so much more 
arduous and ambitious that it seemed inevitable, 
especially on highly specialised types, that a new engine 
would be required every time. This new engine would, 
of course, give ample opportunity for complete 
Integration with the airframe. 


MR. NICHOLSON: Mr. Joy had pointed out that there 


was a history of controversy in the subject of engine- 
airframe integration, particularly in relation to the 
choice of podded or buried engines and the choice of 
many small engines or few big ones. He agreed, but 
had kept away from these controversies since they had 
never seemed to him to involve general problems of 
dominating interest to an aerodynamicist and, while he 
did not feel bound to keep entirely to his own field, he 
felt it wise not to stray too far outside it. 

The operational philosophy on complete engine 
failure was a most important point which he did not 
think he could deal with adequately here. In his view, 
it was tied up very much with the policy of many small 
engines or few big ones. If one were, in fact, limiting 
oneself to the case where the aeroplane must be flyable 
and landable in normal circumstances with complete 
power failure of all engines, then he thought one’s aero- 
dynamic designs were, to say the least, very limited and 
such a policy would set severe limits on the perform- 
ances available in the higher speed regimes. 

On jet noise he made a slightly spurious argument 
that jet noise effect on the structure was not too serious 
because the pressure loads would be halved as they 
went down the runway and they need not always run 
at exactly full throttle as the aircraft gained speed. He 
realised that his argument could be turned insideout. 
The fact that the pressure fluctuations due to jet noise 
varied roughly as the sixth power of the relative velocity 
between the jet and the air surrounding it, at least for 
small distances from the jet, meant not only that small 
reductions in relative velocity would reduce loads from 
a critical to a negligible level but also that small 
increases in relative velocity above the critical level 
might produce loads which were difficult to cope with. 

He hoped, however, that he would not be misunder- 
stood. He had been talking of the effect of jet noise 
on structures, not of the nuisance of noise to the 
observer on the ground. This latter problem must 
certainly not be minimised. Mr. Joy well knew where 
his office was situated and would realise that he was in 
quite a position to know something about jet noise on 


take-off! 


On the value of deflected jets in cruise, he thought 
this was quite an interesting concept himself but he 
would point out that it was confined to very high speeds, 
to low lift drag ratios and to engines with very high 
gross thrust to net thrust and it might look rather less 
important unless the speeds were really high and unless 
the intake efficiencies were high. The quoted improve- 
ments, of the order of 10 per cent, did apply to rather 
special aeroplanes and should not be taken as typical 
of aeroplanes designed for Mach numbers of, say, twice 
the speed of sound and with conventional fairly high 
velocity jet engines. 

In his final remarks Mr. Joy appeared to accept the 
design of individual engines for individual designs of 
airframe as a practicable concept. His own views were 
expressed, briefly, in the closing remarks of his paper. 
He had not regarded the matching of one engine design 
to one airframe design as being economically accept- 
able, even if it were technically desirable, but that was a 
matter of opinion in a field where he was no expert. 
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I. M. DAVIDSON (N.G.T.E., Associate Fellow): He 
agreed with almost everything Mr. Nicholson had said, 
but could cross swords just a little with him over his 
final philosophical remarks. In Mr. Nicholson’s last 
paragraph there were two distinct points. The first had 
already been mentioned by Mr. Joy and that was the 
question of the specially tailored engine, in which matter 
he agreed entirely with Mr. Nicholson. If they were 
going to have engine-airframe integration for low speed 
flight this meant that the aircraft was going to rely more 
and more on the engine for its safety, reliability and 
economy and it seemed to him inconceivable that they 
should put into each new type of aircraft a new engine. 
The problem was in a sense the old one of the hen and 
the egg and it had got to be settled once and for all by 
the egg coming first. They must have a well-tried 
engine available before they could attempt to build a 
really well integrated aircraft around it. They could 
not take two steps at the same time. 


In his closing sentence Mr. Nicholson said “ The 
sort of integration where, starting with common building 
bricks each design is built up to do its job in the full 
knowledge of their interactions one with another.” Now 
this left him in a state of mild confusion. If they con- 
sidered for a moment the process whereby engineering 
systems were developed—he did not mean particular 
models but whole species—it did not matter whether 
they started with sewing machines or bicycles or aero- 
planes. They perceived a fairly natural process in 
which one new major development came along at a time 
and this was worked someway towards its final place in 
the state of affairs before another was introduced. This 
was also the process which went on in nature and in this 
light it seemed to him that the concept of engine- 
airframe integration was one in which, instead of adding 
another feature to an aeroplane, one called a halt and 
tried to reshuffle the parts one had already. He was 
going to be unashamedly parochial in his examples 
because he had to stick to ground where he was 
competant, but if they wished, for example, to give an 
aircraft the power of very low speed flight there were 
roughly two ways in which this could be done. They 
could add something extra to it, for example a lifting 
engine, or might add very sophisticated flaps, or might 
laminarise it to get a bigger wing and therefore a lower 
wing loading. These were all in the natural processes 
in which one added another feature. The alternative 
was the step of integration. They took the existing 
propelling engines, the existing wing, and by making an 
alteration only to the control element they were able to 
combine the two to produce the desired result. 


Another way of looking at this question of integra- 
tion concerned a subject which the President mentioned 
in his Address to the Society earlier in the year, the 
problem of relative complication. He believed the 
example which the President took was that of the 
wheel. He had said that the wheel seemed to their 
ancestors a very complicated thing whereas today, of 
course, it was not generally so regarded. Now what he 
would like to submit was that whereas the wheel was 
not complicated it mght still be quite sophisticated. 


After all, if they had to make a wheel for some engineer. 
ing purpose it had to have a radius invarient with angle, 
It must not be allowed to buckle or twist. It must not 
on occasions be allowed to expand or contract with 
temperature and it must be perfectly in balance. By 
having once produced this wheel it was a fairly simple 
thing to look at and it had fairly simple known pre. 
dictable characteristics. He did not think with any 
stretch of the imagination this could be said of a Wing 
or of an engine. They knew that wings and engines 
sometimes had quite vile characteristics and misbehaved 
themselves in all manner of unpredictable ways and he 
would like to suggest that in this light the essence of 
integration was the putting together of the two parts in 
such a way that one reduced, if not eliminated, some of 
those vices. Taking the same example, if they wished 
to get very high lift coefficients from a wing, the wing 
was wont to stall. Right, if they blew the propulsive 
jet over the wing and down at the back they could not 
only produce the required lift, but with a little ingenuity 
and sophistication, but not necessarily complication, 
could arrange for the wing to be unstallable over a wide 
range of conditions. Likewise the engine not only 
produced thrust but produced drag in its installation, 
and by putting the engines into the wing they could 
remove the drag of the engines and indeed might be 
able also to reduce the form drag of the wing. Now, if 
they looked at Figs. 11 to 14 of the paper they woul 
see the source of his confusion because Mr. Nicholso: 
seemed there to roll these two possibilities of addition 
of another feature and integration proper into the sam 
basket. It would be unfair to ask him to answer thi 
point immediately, but he would like Mr. Nicholson t 
tell them, on reflection, just what he meant by the word 
“engine-airframe integration,” because he could n0 
find that phrase defined anywhere in the paper. 


MR. NICHOLSON: Mr. Davidson asked for a definition 
of what he meant by “ engine-airframe integration.” To 
be quite frank, when he was asked to lecture on thi 
subject he had no ideas on precisely what engine 
airframe integration really meant. However, he hi 
produced a paper, maybe the title was wrong. 

Mr. Davidson suggested that instead of adding nei 
bits and pieces they should rearrange existing pieces 
such a way as to get simplicity instead of more com 
plication and that was what Mr. Davidson call 
integration. That was all right providing one £0 
simplicity and in some cases one did. The troubk 
there was that Mr. Davidson’s own examples wer 
particularly good cases. He liked the jet-flap am 
thought there was a lot one could get out of it but lt 
did not think it was a typical example to use in this 0" 
of argument. Often if one put two simple thins 
together in such a way that they were integrated a0’ 
that they each had inter-relations one on the other, the 
instead of adding the problems together one seemed" 
multiply the problems, getting n? problems instead ° 
2n. However, if he held his ground that in general 
had a preference for adding a series of known thin 
together, with intelligent regard for their inter-relatio" 
rather than integrating them fully this should not 
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interpreted as applying to the specific example of the 
it flap which Mr. Davidson himself used. 

His fear was that if integration were pushed to the 
jmit in search of the ultimate efficiency, the problems 
night become too complex to be handled by a design 
yam in a reasonable time. For example, if a design 
were integrated to the extent that engine type tests and 
gructural strength tests could only be carried out 
gether and every structural change or change in 
pedicted loading meant a repeat type test and vice 
versa, he imagined that progress would be very slow 
indeed. 


R. A. SHAW (Ministry of Supply, Associate Fellow): 
Would Mr. Nicholson explain the conditions which 
were assumed in Fig. 14 in the comparison of deflected 
jets and jet flaps. His interpretation of the figure as it 
stood would suggest that if one were prepared to install 
20 per cent more thrust one could get the same stalling 
speeds from an aircraft design by deflecting the main 
thrust as by using the full complication, Mr. Davidson 
called it integration, of the jet-flap. Now he did not 
believe that could be true. At least he did not believe 
the conditions assumed were as simple as the title 
suggested and he would like an explanation. 


MR. NICHOLSON: The lesson to be learnt from Fig. 14 
was that substantially the same thrust was required to 
support flight at a given speed whether simple jet 
deflection or a jet flap were used, provided that stalling 
of the wing did not limit the lift obtainable to a value 
lower than that chosen from consideration of the 
balance between thrust and induced drag. Thus, if 
one had 20 per cent more thrust it did not matter 
which way one applied it, provided the speed range that 
you were interested in was one at which all the lift 
coefficient you required was available to you from the 
ordinary wing. If this were not available from the 
ordinary wing, then there was an advantage from the 
point of view of overall thrust in applying your extra 
thrust through a jet flap system. Those cases where 
you had ample lift coefficient available and those cases 
where you had not, were defined in the earlier Fig. 12 
and it was rather difficult to generalise. However, if 
the speed were very very low and the thrust/weight 
ratio high, then the wing really was not doing very 
much and the difference in thrust required, whether you 
used a jet-flap or direct lift, whatever lift coefficient was 
available, was insignificant. If the thrust/weight ratio 
were low then you could not afford the induced drag 
associated with a very large lift coefficient and, again, 
the jet-flap showed no advantage. In an intermediate 
speed range you did get a significant advantage from 
using a jet flap rather than deflected jets if you had a 
given amount of power available. 


M. B. MORGAN (R.A.E., Fellow): He spoke as an old 
member of the “ stability and control” union, and felt 
that the lecturer had broken the union rules by not lay- 
‘ng much emphasis on control and handling problems. 

"hen considering the overall integration of engine and 
airframe at very high speeds, say at Mach numbers of 


4, the intake was so large that the designer had to 
stabilise and control not so much an aeroplane as a very 
large hole; the flow of air through that hole must be 
of great importance in determining overall stability, 
while modifying the hole in some geometrical way 
might provide quite large moments of use for control 
purposes. Again, at the low speed end of the speed 
range, where extremely high effective lift coefficients 
might be achieved by jet-flaps and deflected jets—as 
discussed in the lecture—generating the lift might only 
be half the story; stability at those high lifts might 
determine just how much of the potential increase in 
C,, could really be used, while control at high lift might 
be helped by clever use of the engine air to provide 
control moments. 

Having waved his stability and control flag, might 
he congratulate the lecturer on a most stimulating paper 
of equal interest to the research people and the 
designers. 


MR. NICHOLSON: He agreed that the problems of 
control and balance were of great importance and he 
might well have written a lecture on the problems of 
integration of the engine into the control systems of the 
aeroplane. He could not cover everything in the paper 
and there was enough scope for a complete second 
lecture on stability and control aspects. If he left 
these aspects out it was not because he thought them 
unimportant. The engine would certainly have to 
provide control at low speeds. How it would do it, 
whether it would do it by direct lift, or by controlling 
the air flow over the aeroplane was a moot point. 

He agreed that at high speeds it could be more 
desirable to operate on the large mass of flow going 
through the engine than the air outside, but he would 
make the point that the air outside, although pretty 
hot, was not quite as hot as the air inside and this 
might bias some people towards trying to put the 
control mechanism outside and not inside. 

He thought there was an enormous field for 
integrating the engine into the control system; he did 


‘not deal with it, but he could not deal with everything. 


DR. B. S. STRATFORD (N.G.T.E., Associate Fellow): 
He had found particularly interesting Mr. Nicholson’s 
analysis of jet deflection for supersonic flight. 
Mr. Nicholson had rather played down the gain which 
was attainable, but payloads being such a small propor- 
tion of the aircraft all-up weight at these Mach numbers, 
a 10 per cent saving in fuel consumption, if that were 
attainable, would indeed be important. 

In his analysis of the jet-flap Mr. Nicholson had 
very rightly concentrated on the induced drag as being 
a governing factor. However the argument given for 
comparing the jet-flap with either jet deflection or with 
lifting engines would seem misleading. Thus in the 
paper Mr. Nicholson had suggested that lifting engines 
might be more likely to be used than deflection of the 
propulsive jets. He did not know Mr. Nicholson’s own 
reasons for this statement—he did not think they had 
been quoted—but the various requirements of jet deflec- 
tion, for example that the line of thrust of the jet should 
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pass through the centre of gravity, and that of course in 
jet deflection the jet must not brush the structure of the 
aircraft—these various requirements could be an 
embarrassment when searching for a suitable engine 
position. He imagined that it was some such con- 
sideration as this on which Mr. Nicholson based his 
suggestion that lifting engines might be more con- 
venient. Now for lifting engines the criterion of engine 
plus fuel weight required consideration of the two 
components of thrust, the horizontal component pro- 
vided by the propulsive engines, and the vertical 
component provided by the lifting engines, and the sum 
of these two might be much greater than the value of 
their resultant. One might suggest a difference of, say, 
30 per cent. Would it not therefore have been more 
helpful to have based the results for the lifting engines 
on the scalar sum of the two components of thrust? 

A second point of criticism concerned what, in the 
paper, appeared to be a certainty in the statement 
regarding application of the jet-flap to aircraft of small 
aspect ratios. Mr. Nicholson seemed to have somewhat 
modified the presentation in his spoken word. In the 
paper he appeared to consider that such application 
was ruled out because of the high induced drag 
associated with high lift coefficients at low aspect ratio. 
However, the requirement was for higher lift than was 
at present available, rather than for very high lift, and 
it might be that quite a modest lift coefficient would be 
valuable on an aircraft of low aspect ratio. However. 
perhaps Mr. Nicholson already agreed there? 

The lecturer’s concluding remarks were very 
encouraging, and they might hope that the work on 
flight at low speeds would contribute to making trans- 
port by air virtually 100 per cent safe. 


MR. NICHOLSON: Mr. Stratford seemed to think that 
he had played down unduly the improvement in thrust/ 
weight ratio which could be obtained by deflecting jets 
at supersonic speeds. Possibly he did overdo this, but 
one point he would make of course, was that you got 
much bigger gains in cases where, basically, the aircraft 
was less efficient anyway. If you could get a lift drag 
ratio better than the four and five he was quoting at 
high Mach number, and if you could not get, perhaps 
because of intake drag, as high a value of gross thrust 
to net thrust as was suggested, then this aeroplane in 
which you could get the 10 or 15 per cent improvement 
due to deflecting jets might be considered hardly worth- 
while having at all. An aeroplane which was worth- 
while having might show an improvement in the range 
5 to 10 per cent rather than 10 to 15 per cent. 

In considering the choice of jet deflection as against 
lifting engines he only said that they might be more 
convenient. Not that they would be better. If you 
had got to fly at landing speed for any significant time, 
then it was extremely desirable to use jet deflection 
instead of lifting engines or, more probably. jet deflec- 
tion as well as lifting engines. Nevertheless, as 
Mr. Stratford said, there was quite a problem in getting 
the engine so located that the lift was in the right place 
for balancing the aeroplane and in getting the duct 
arrangements in. It was not impossible in some cases 


that one would pay just about as much in extra 
installation weight in order to put the engine in a suit 
able place for deflecting the jet as one might Pay in 
weight of extra lift engines corresponding to ‘thy 
deflected jet. 

On the question of the application of jet flaps to 
low aspect ratio wings, he deliberately modified his 
spoken lecture slightly from the written lecture and he 
thought it was fair to say that he had modified his views 
slightly in this direction. He would agree With 
Mr. Stratford that if the requirement were Only for 
higher lift than was at present available, rather than for 
very high lift, then the jet engine flap might have , 
place at low aspect ratio. He still felt that with ven 
low aspect ratio designs the required drop in spee 
between the natural landing speed with no help from 
the engines and the landing speed that was reall 
wanted, would be so large that the jet flap, although 
very useful in getting a small reduction in landing 
speed, would not show to advantage. ‘ 


R. L. LICKLEY (Fairey Aviation Co. Ltd., Fellow): 
He would like to return to this question of integra. 
tion. As he listened to Mr. Nicholson and agreed with 
him in general, he felt that in the early part of the paper 
he was making a very clear case for integration and for 


linking very closely airframe and engine. In fact, he 
felt that Mr. Nicholson was making out a case for con- 
sidering the aeroplane as a three-dimensional vehick 
rather than a cylinder with a flat plate stuck on to it 
which, it seemed, was still felt in some quarters to be: 
the right shape. Then at the end of the lecture 
Mr. Nicholson seemed to abandon this idea of fittin: 
the engine to the airframe, and subsequent pared 
even went so far as to suggest that standard engine: 
which had reached a high degree of reliability shoul 
be fitted. He was still more confused when he realise 
that one of these speakers was in favour of the jet-flap 
for which no engine existed, and he would like to make 
a plea on behalf of the aircraft designer, who was con- 
stantly being expected to do something better and mot 
efficient than had ever been done before. Althoug) 
they did not like using new engines because the 
realised, probably more than anyone else, this probler 


of reliability and the equally important aspect that the 
did not get the engines when the airframe was read). 
they must nevertheless use them so that they got the 
optimum—the most—out of the airframe-engine com: 
bination. It was essential. particularly if they wer 
considering those extremely high speeds, at which ! 
was very difficult to get thrust greater than drag, th 
they had new engines to fit the new airframes. 

Mr. Nicholson had not discussed Fig. 13. Coul 
he say something more about it because this seme: 
to have an important bearing on this difficult questo’ 
of how to get extra lift. When using lifting engines. ' 
might for some reason be desirable to concentrate ther 
at the centre of the aeroplane. If he interpreted thi 


figure aright, then some lack of lift in the immedi! 
take-off period was likely and the figure also show: 
that if the engines were at the perimeter of the aircraft 
very different results would obtain. It might be ° 
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interest that in recent tunnel tests on the Rotodyne they 
had found a similar effect, the rotor when running 
gave an improved lift rather than a loss in lift. 

Finally, he would like to agree with Mr. Joy, that 
Mr, Nicholson had given a very clever lecture, but in 
view of the Defence White Paper issued that day he 
thought Mr. Nicholson had done even more, as the first 
half of the paper seemed an act of faith and the second 
half an insurance policy to cover continued research. 


MR. NICHOLSON: In the early part of the paper he did 
make the case for integration. As he said, integration 
in these high speed cases was compelled and there was 
really no choice. It might be regarded as a virtue or a 
necessary evil, but you would have integration at these 
high speeds. He could not agree more with the remark 
that the aeroplane must be a three-dimensional concept. 
In his closing remarks he did not really abandon this 
position. It seemed to him that at very high speeds it 
was the air intakes and the exhaust nozzles that really 
dominated the scene, not the engine or combustion 
chamber. In these circumstances it might be the intake 
and exhaust systems which must be integrated with the 
airframe and it might be possible to use a standard 
engine in more than one airframe without abandoning 
the concept of integration. At these high speeds in any 
case he was talking largely of ram-jets. The reason 
for this might be that the sums were so much easier to 
do and one could produce the performance figures for 
ram-jets without having to go to an engine expert to 
get all the sums done for you. But again the ram-jet, 
he would say without being a combustion expert, did 
give you rather more scope than the ordinary jet engine 
for suiting the engine with the particular aircraft and 
for getting real integration without too much increase 
in development time. 


He had put Fig. 13 in just as an example. He did 
not regard it as being of the greatest importance and 
therefore left it out in the spoken paper. He thought it 
Was an interesting example but should point out that 
these very high suctions could be eliminated very easily 
provided in some way or other one broke up the 
uniformity of the sheet into which the jet spread on 
hitting the ground. If this sheet could be broken up 
into a series of separate jets when it hit the ground then 
the entrainment of air was reduced enormously and he 
believed there were various technical answers to the 
problem of ground suction with a central jet. What 
really worried him much more was that he could not 
believe that the fact that there were no_ pitching 
Moments associated with this suction was anything 
more than fortuitous and this was the thing which 
really he would regard as the major worry in ground 
interference. The potential pitching instabilities follow- 
ing from coupling of the ground effect with the pitching 
and rolling motion on the aircraft could present serious 
difficulties. 


G. H. LEE (Handley Page Ltd., Fellow): It was 
Perhaps somewhat unfair to say what he was about to 
Say because Mr. Nicholson had already explained that 


he wished to restrict his talk to the more aerodynamic 
side of the subject; but since the title of the lecture was 
“ Engine-Airframe Integration,” he would like to make 
one or two observations to emphasise that there was a 
great deal more to integrating an engine successfully 
into an airframe than just getting the aerodynamics 
right. 

There was obviously a host of structural problems, 
and the layout difficulties that one got into by trying to 
get fuel tanks, military stores, crew and passengers all 
into what seemed to be the same space were quite 
considerable. 

Another very important part of the successful 
integration of an engine into an aeroplane and engine 
combination came to the fore when one started to deal 
with the suxiliary power services that were needed, 
particularly on supersonic aircraft. There was usually 
a large cooling problem and it was clear that the power 
for cooling and for the power controls that were prob- 
ably necessary and for all the other services, had to come 
from the engine, or some part of the engine system, and 
that, too, could have a great influence on the power 
plant that one put in and the way in which it was 
installed. He thought that for reasons of that sort the 
ram-jet was going to pose quite a few problems; he did 
not know quite how you took auxiliary power off a ram- 
jet since there was nothing rotating and so a normal 
power take-off could not be used. 

Further problems concerning the ram-jet were the 
take-off and landing problems. A ram-jet was fine once 
the aircraft was flying but for a manned machine there 
was the case of take-off and landing, including the 
baulked landing case. 

He knew that there were answers to these problems 
and he felt that it was a bit hard to ask Mr. Nicholson 
to reply to these detailed points since he had wisely 
confined his remarks to a fairly small part of his 
subject, but nevertheless he felt that these other 
problems should be remembered and mentioned before 
the discussion closed. It had, he thought, been helpful 
that they had narrowed down the discussion to an 
extent small enough to consider the subject in detail 
and get some really useful ideas out of the paper and 
discussion. They often got papers where speakers 
rambled round a very wide range of subjects with a 
result that generalities only were discussed and very 
little specific or directly applicable came out of the 
meeting. 


MR. NICHOLSON: Mr. Lee had made strongly the 
point that there was a great deal more to integration 
than aerodynamics. He agreed, and it was a point 
which needed making. 

He realised of course that ram-jets presented 
problems of power take-off for auxiliaries and problems 
of thrust for take-off, landing and low speed flight. His 
basic remarks in the part of the paper dealing with high 
speed flight were not confined, however, to manned 
aircraft and in many applications take-off and landing 
problems were irrelevant. Although the numerical 
answers at high speeds were worked out for the ram-jet 
case the general trends and conclusions would have 
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been unaltered, he believed, had turbo-jet or combined 
turbo-jet/ram-jet systems been considered. 


A. R. METTAM (Royal Aircraft Establishment, 
Associate Fellow) contributed: He felt that the term 
“ engine-airframe integration” was meaningless unless 
the structural and aerodynamic aspects were considered 
together. The functions of engine and airframe were 
basically identical, i.e. to move the largest possible air 
mass in a desired direction with minimum expenditure. 
It therefore seemed likely that the same structure could 
be used for both systems, particularly as the tempera- 
tures of both were converging and this parameter was 
becoming a dominant factor in design. Fortunately, 
for the class of aircraft considered, the ram-jet was a 
likely power plant, and it lent itself admirably to this 
idea. 

For these future aircraft they should stop thinking 
in terms of “engines” and “airframes,” and of their 
interferences. Instead they should consider one aero- 
dynamic entity, having a single resultant force acting 
in the required instantaneous direction of motion. Such 
consideration led to a single structure having internal 
and external flows which were mutually dependent, and 
the balance between which dictated the ultimate direc- 
tion of motion. Thus control was to be achieved by 
changing the total pressure field rather than, as today, 
by local modifications to external air flow only. As 
Mr. Morgan had suggested, this question of control and 
stability was already the primary aerodynamic design 
problem and it could not therefore be omitted from 
any discussion on engine-airframe integration. He 
thought that the direct use of engine thrust for control 
purposes was wrong. In the event of even partial 
power loss, these systems reduced control efficiency 
when it was most vital. Hence he considered that the 
future aircraft should be designed to glide down safely 
in a conventional manner in the event of total power 
failure, flow for control purposes being provided by 
ram effect only. Thus, also if the engines were to be 
used to modify lift, the jet-flap principle was preferable 
to the use of lifting engines. 

As the lecturer had shown, high aspect ratios were 
better for jet-flap designs, but these were currently 
thought impractical for high speeds. However, if one 
Started with a basic straight wing shape of high aspect 
ratio one had the ideal design for “ engine-out ” safety. 
The effects of both low aspect ratio and sweepback 
might then be imposed on the basic flow by suitable 
modification in spanwise distribution of  jet-flap 
“sheet” in terms of intensity and deflection angle. 
Structurally, such a design was practical if the whole 
structure were rigid and free from hinged flaps, “ jet 
sheets” of air being used in their place. This was 
because of the very greatly reduced pitching moment 
resulting from air-jet controls; his work had in fact 
shown that a servo rather than a reversal effect could 
be obtained by proper design. 

Thus the truly integrated aircraft, he foresaw would 
probably have two endplate nacelles carrying payload, 
fuel, and so on, and connected by a straight biplane 


structure of high aspect ratio. Distributed along the 
narrow gap would be separators acting as shea 
members in a “ Warren-girder” structure and forming 
a series of triangular section tubes. Most of thes 
would be used as ram-jet or rocket ducts—in the latter 
case extra air would be induced to flow over the 
chamber by the injector principle. The remaining 
interspaces would be occupied by relatively crude 
turbo-jets used for low speed flight and by ram-air 
control and refrigeration ducts. For high speed flight 
the aerodynamic shape would be changed by means of 
the jet-flap, the true “ wing ” contour being composed 
partly of solid structure and partly of an “ air-sheet.” 

The point which Mr. Nicholson had made on jet-flap 
lift being most efficient with large mass flows at low 
velocity was one which required emphasis as the key 
to success in any system of circulation control. The 
use of a high velocity propulsive jet to entrain air and 
provide a larger mass at lower velocity was, in his 
opinion, of great practical value, since the temperature 
of the whole air mass was lowered and the engineering 
and material problems were thus eased. 

He wondered why the experimental results on the 
jet-flap were so limited. With such a radical concep 
it seemed odd to hear that its development was held up 
pending a theory which was of necessity based on older 
theories. He noted that the French had already carried 
out flight tests on a full-scale jet-flap aircraft, and their 
aeronautical research budget was even tighter than ours 
Could the lecturer give any assurance that the principle 
was receiving practical as well as theoretical develop. 
ment in this country? 

Finally, he felt Mr. Nicholson regarded engine- 
airframe integration as a necessary evil. It should bk 
the aim of any designer to achieve the simplest structure 
consistent with efficiency; in his opinion, true engine- 
airframe integration was the only logical way of 
doing this. . 


MR. NICHOLSON: He agreed with almost all the 
points made by Mr. Mettam although he did not think 
that the use of engine thrust for control was always 
wrong in multi-engined installations. The use 0 
internal flows of air, maintained by ram pressure alone. 
was a valuable concept. However, in many cases I 
would appear to be difficult to arrange to handle 4 
large a flow of air internally as could be influenced b) 
a normal aerodynamic control. The concept of 
aircraft formed by two nacelles connected by a bi-plane 
was stimulating. 

He could assure Mr. Mettam that experimental wot 
on the jet-flap was not being neglected although ! 
would be inappropriate to go into details. 

Finally he would point out that the only evil he sa 
in engine-airframe integration lay in the multiplicatior 
of problems, the increase in design and developmet! 
times and the even higher demands made on the leades 
of design teams (since integration of engine and alr 
frame chief designers was implied) which followed ! 
integration were pushed to extremes in unsuitable case 
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ins of 
posed Summary: The general requirements for the complete air conditioning of aircraft are discussed 
et.” in the light of the complete system concept. The author takes into consideration safety, differ- 
ential pressure, weight saving, power and air supply, passenger comfort, cooling and humidity. 
t-flap Particular systems are then described and there is a section on the test equipment required for the 
, laboratory testing of air conditioning equipment. Cooling systems are taken first and divided 
t low 
es into the air cycle system embodying bootstrap, turbine fan, and regenerative applications of 
Key cold air units—the vapour cycle system employing a boiling tank and that using proprietary 
The refrigerants; properties of liquid refrigerants are discussed. Regulation of cabin temperature, 
r and air flow, humidity, pressure and oxygen is done by control systems and the equipment used is 
: described. Four appendices give (1) suggested detailed requirements for air conditioning 
n his equipment and user requirements, (2) sample data and calculations for air conditioning a 
‘ature 100-seater civil transport, (3) some notes on the definition of refrigeration terms and (4) data 
ering on pressure losses in aircraft ducts. 
nthe} Introduction General Requirements 
id : A well-known aircraft designer recently stated that An aircraft conditioning system is required to ensure 
a Ma in modern aircraft the airframe represented only 30 per that all aircraft equipment and compartments that 
cent of the finished product; the remaining 70 per cent require heating or cooling, and so on, are maintained at 
‘en being the result of co-ordination, by the parent aircraft the correct condition to ensure that they function 
company, of the problems arising from incorporatin efficiently under all aspects of operational use. 
ciple the products of a large number of specialised firms. General guidance is given in the Air Ministry pub- 
clop The science of conditioning aircraft cabins has pro- lication A.P.970 and in associated A.R.B. literature, 
gressed a long way since the first Westland Welkin was but these do not cover nearly enough ground. Addi- 
pressurised in 1941, and the first of our famous Spitfire tional design recommendations are presented in 
od fighters was pressurised together with the rather Appendix I, a number of the items having been derived 
ns radical change required with the high altitude Welling- from the American SAE _ recommended design 
i ton aircraft. It should. perhaps, be mentioned here practices; information on user requirements is also 
a that actually the first aircraft to be pressurised was that included. 
by the General Aircraft Company, the Monospar in 
about 1930, this being converted to a pressurised cabin SAFETY CONSIDERATIONS 
as a private venture, and about which very little actual ae ee . : 
the information is now available. It is no longer possible It is p 
hint | for the work involved to be considered as just another a few aspects of this subject—hrstly re 
vay’! piece of plumbing—it must now be placed in the emphasis on safety and the need for all units to fail safe. 
specialist category! If this is not done, then for the In these days of 
on, new military types the pilot is going to be cooked, as of the 
the high temperatures will make it impossible for the of 
| aircraft to be flown without the cooling equipment system? 
1b) | having been installed and properly tested before the valves and then these are: paralleled Sy & satety : 
at} aircraft ever leaves the ground a final safeguard. Such a system is naturally heavier 
ane The purpose of this paper is to show that by proper and more complicated than would at first seem 
ie 2 wae necessary, but this has been dictated by the need to 
centralisation in the initial stages of the various aspects ; afety. It may be possible to design 
ork of aircraft conditioning, it is possible to achieve a RS ee y ie mtn. 
it system that is a complete entity which, as well as sufficient safeguards into the aeeaingenor — 
ensuring greater utility and simplicity, results in a very of high altitude 
considerable saving in weight. This is the first time in th 
ion that such a proposal has been expounded in. this outlook must take priority over any minor saving in the 
a pe and it is hoped that the paper will help to eee a agree that it is sufficient for 
en clarify some i ‘ i : “enti 
interesting aircraft flying at 45,000 ft. to rely on the pressurisation 
if _ without having emergency oxygen. There would seem 
es era cere to be some doubt in their minds regarding the leak rate 
A Section Lecture given on 13th November 1956. of the cabin if the normal air flow is, for any reason, 
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shut off. As a result, they are requiring oxygen to be 
available for every passenger seat in addition to the 
flight crew having their own pressure demand oxygen 
system. 

British experience indicates that cabin design 
pressure should allow a 10 per cent air leakage over 
the required supply. 

It is interesting to note that the Russians, on their 
latest aircraft, have installed oxygen for passengers but 
only sufficient to cover the rapid descent from altitude 
to 10,000 ft. on the assumption that they will still have 
sufficient fuel to reach an emergency airport at the 
resulting reduced range of the aircraft. 


DIFFERENTIAL PRESSURE 


Another matter that requires clarification is the 
need for aircraft cabins to be maintained at sea level 
pressure in order to allow military aircraft to climb or 
descend at the enormous rates that are possible, and 
required today, without violent pressure changes occur- 
ing inside the cabin. If, as is the case with present 
military aircraft, the cabin is controlled at varying 
pressure values up to an altitude equivalent of 
25,000 ft., any rapid descent must subject the crew to 
extremely high rates of pressure change. Alternatively, 
if the cabin pressure is not increased at a fast rate, the 
aircraft cabin is at a high negative differential pressure 
on landing—a factor involving a drastic revision of the 
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PRESSURE CONTROLLER . 34.5 LB 
DISCHARGE VALVES. 41.0 LB 
SAFETY VALVE . 17-5 LB 

TOTAL WEIGHT . . « « 


COMET m2 


stressing case. Another aspect of this problem is that 
of explosive decompression at high cabin differentia] 
pressures and at very high altitude. A compromise 
requires to be established between controlling the cabin 
at “sea level,” with its attendant high differentia] 
pressure at high altitude and consequent excessive 
structural weight, and a degree of control that involves 
no decompression danger. 

It is suggested that for the military case the cabin 
pressure should be fixed at 8,000 ft., or thereabouts, 
since the use of either partial or full pressure suits and 
oxygen is adequate safeguard to the crew members 
against the dangers of decompression. 


WEIGHT SAVING 


-A requirement of paramount importance is that of 
weight saving in the equipment used in the complete 
system—and no apology is necessary for placing the 
greatest emphasis on this matter. It is of interest to note 
the progress made in this direction with the pressurisa- 
tion equipment of, say, the Comet 2 and Comet 4 
aircraft (see Fig. 1). 

By contrast with the advance achieved in pressurisa- 
tion equipment, it is a lamentable fact that some 
designers are clinging too long to the 28 volt de. 
electrical system instead of going over to the high volt- 
age, 400 cycle a.c. No great advance can be expected in 
ancillary systems until this fundamental change has 
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FicureE 1. Pressurisation equipment—Weight comparison—Comet 2 and Comet 4. 
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KILOWATTS 7,460 14920 22.380 
Figure 2. Weight comparison of a.c. and d.c. electrical motors. 


been made. Additionally improved maintenance and 
reliability results from the freedom from commutation 
troubles. Weight comparisons of a.c and d.c. motors 
are shown in Fig. 2, which is plotted to show the 
performance of electric motors in present supply. 

While the curves show the changes of weight due 
to different types of electric motors, naturally the over- 
all situation must be taken into account in the corres- 
ponding weights of the source of power and _ the 
ancillary equipment, where recent papers on this subject 
suggest that there is an overall ratio between the d.c. 
and a.c, installations, making the d.c. system roughly 
30 per cent heavier than the a.c. 


POWER AND AIR SUPPLY 

A further item that needs emphasis is the matter of 
horse power and drag losses. The increase in aircraft 
speeds makes careful analysis of these losses essential, 
particularly for the high altitude case. Take, for 
example the horse power required to pressurise the 
cabin, as shown in Fig. 3. These curves have been 
calculated for a 100-seater aircraft, and show that 
if heavy engine driven cabin compressors must be 
employed, then at least it must be ensured that only the 
horse power actually required is used. A two-speed 
gear-box would do much to reduce the large horse 
power absorbed on take-off (see Fig. 5).. 

In actual fact, both the Comet and Britannia aircraft 
originally Started with engine driven superchargers for 
cabin pressurisation and owing to the weight and com- 
plication of this system, were both changed over to 
engine bleed before the aircraft were finalised. In each 
case well over 400 Ib. of weight was considered to have 
been saved. 

The early Comet aircraft was designed with a three 
stage compressor which required 250 h.p. at sea level. 
There are many problems involved in such designs 
including free-wheel variable speed hydraulic couplings 
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Figure 3. Horse power required to pressurise the cabin of a 
100-seater aircraft. 


with the usual problems of heat transfer to the 
hydraulic fluid, and so on. 

It is generally considered that where engine bleed is 
available this gives a much simpler cabin pressurisation 
source without any maintenance troubles and is well 
worth whatever small increase is involved in fuel 
consumed by the engine. 

The ability to tap the engine compressor for cabin 
pressurisation and pneumatically driven auxiliaries 
obviously represents a major step forward in weight 
reduction as shown in Fig. 6, which shows the 


Ficure 4. Engine-driven cabin air supercharger. 
(Photograph by courtesy of the Garrett Corporation) 
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Ficure 5. Horse-power requirements for engine driven cabin 
superchargers. 
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comparison between electrically driven and_ turbine 
driven recirculating fans. Figure 2 also compares the air 
turbine and electrical starters and shows the great 
weight saving achieved by the use of air bleed. 

It is worth mentioning that the electric starter 
weights achieved in Fig. 2 are with d.c. motors as 
owing to the characteristics of squirrel cage motors no 
saving can be made with a.c. types. 

It is possible that pneumatically driven auxiliaries 
will supersede those of the hydraulic type for super- 
sonic aircraft due to the ability to operate at high 
ambient temperatures; and that a.c. supply will now 
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FiGurE 6. Weight comparison of electrically driven and turbine 
driven recirculating fans. 


(Reproduced by courtesy of the Garrett Corporation) 


become common as a result of the solution of a constant 
speed drive for the generators, as previously such 
electric supply was always frequency wild. Now that 
hydro-mechanical and air turbine drives are available 
it is accepted that all future aircraft will change over to 
a.c. There are some seven aircraft firms already using 
a.c. supply. 


PASSENGER COMFORT 

A final item to include in any list of requirements 
today is passenger reaction. Greater attention has now 
to be paid to the conditioning of aircraft as competition 
naturally means that the customer will always take the 
aeroplane that provides the greatest measure of comfort, 
The Viscount is a typical example in which the 
greater comfort induced by silent operation and reduced 
vibration has resulted in rival aircraft being taken of 
competitive routes owing to lack of customer support. 

In the field of aircraft conditioning the passenger 
comfort aspect arises in a number of ways, of which 
two are worthy of mention. On the question of cabin 
air recirculation—is it desirable? It may cause the air to 
become stuffy and to require filtering. On the other 
hand recirculation ensures that the minimum of fresh 
air is taken off the engine and hence the minimum of 
power is absorbed. Should the supply be 1 Ib. of fresh 
air per minute per person plus the same amount 
obtained by recirculation of the used air, or should the 
entire supply of say, 1:5 to 2:0 Ib. per minute per 
person, be obtained from the main engines at the cost 
of extra horse power absorption? 

It is recommended that the minimum quantity of 
air for cabin pressurisation should be used owing to 
the very large demands of that air on the horse power 
of the engine; but in saying this, due consideration 
should be given to the adequate purifying of the 
recirculation air which should then be equal in flow to 
that of fresh air. The reaction against recirculated 
air would thus be obviated, as the only real argument 
against recirculation is that of breathing contaminated 
air which, while officially having the prescribed cabin 
pressure, is actually deficient due to contamination. 
This could be rectified at very much less cost in the wa) 
of horse power by the use of a recirculation fan and air 
filter. 

The size of the contamination particles is important, 


doctors considering these to be critical around the , 


24 microns size; below this becoming enmeshed in the 
lung. 

In this general connection, it is not usually appreci- 
ated that the weight of air passing through the cabin 
of a passenger aircraft is in excess of the weight of th 
fuel used by one of the engines. As a pointer to th 
loss of power, it can be stated that 1 Ib. of air tapped 
f-om an engine is equivalent to a power loss of 2 hp. 
Such a statement is necessarily a vague one dependin: 
on one’s basis of comparison and has often been quoted 
much higher. 

The second aspect of the passenger comfort problem 
is in the headlines at the present time. Vapour cyck 
cooling is being added to all large new passenger ait 
craft. as the direct result of complaints of unbearable 
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cabin conditions while the aircraft is loading or taxying 
prior to take-off. Travellers in the U.S.A. who have had 
the misfortune to board the aircraft on a summer day, 
with the normal humidity of Washington, New York, or 
Chicago, will appreciate what this means! 

The vapour cycle system is installed to reduce the 
humidity within the aircraft and, in addition to being 
more efficient than a ground cooling truck because it 
recirculates the air, it provides the cooling required 
while standing and taxying and, where necessary, during 
flight as well. 

The humidity problem is twofold in that while it is 
necessary to reduce the humidity when on the ground, 
the opposite is the case in flight at high altitude where 
the air is very dry, and it is therefore necessary to 
increase humidity to approximately 30 per cent RH 
(relative humidity). 

Humidity control is also required in the larger 
military aircraft in that the air supplied to a ventilated 
suit must have a controlled moisture content to ensure 
effective absorption of perspiration. 


Cooling Systems 


Having put forward, in brief, the major require- 
ments for aircraft cooling, it is now proposed to 
consider the systems and the methods required to deal 
with the above problems. 

There are two main types of cooling systems in use. 
These are, in order of usage, the Air Cycle System and 
the Vapour Cycle System. A number of variations of 
each of these exist and it is intended to outline the 
major possibilities of each in some detail, so that they 
may be evaluated in relation to the requirements 
already indicated. 

Briefly, the air cycle system relies for its cooling on 
supplying air from a high pressure source to an air 
turbine, and by causing the turbine to do work such as 
driving a fan or a compressor. Under these conditions 
not only is there an air pressure drop across the turbine, 
but a considerable reduction in air temperature also 
occurs. The vapour cycle system, however, achieves 
its cooling effect by transferring—from the air to be 
cooled—the heat energy necessary to evaporate a liquid 
refrigerant. 


COLD AIR UNITS 

Figure 7 shows photographs of 10, 25 and 
55 Ib./min. units used for cooling purposes; their 
weights, 1:7, 4-5 and 11:75 lb. respectively, and their 
typical performances being given in the illustration. 
These weights are achieved by running at speeds from 
80,000 to 100,000 r.p.m. Such units are giving 250 to 
500 hours on overhaul, largely due to careful balancing 
and attention in design to the cooling of the bearings. 
The lubrication is by an oil soaked felt pack and this 
is the only real feature that needs touching in service, 
and the larger units used for passenger aircraft run 
12,000 hours before overhaul. In this case the oil 
sump is replenished at regular intervals. 

Cold air units are designed in various sizes to cool 
compressed air after initial cooling by a heat exchanger. 


25 1b./min. 


55 Ib./min. 
Type _10Ub./min._| 25 1b./ min. 
Weight 1b. 45 Ib. 11-75 Ib. 
Air mass flow, 10 Ib./min. | 20 Ib./min. | 62 Ib./min. 
Temp. drop | | 
across turbine! Hse 130°C 119°C 
Pressureratio, 72:10 26:1 


Ficure 7. Weights and performance of typical 10 lb., 25 lb. and 
55 Ib. cold air units. 


The heat exchangers used are of light alloy brazed 
construction and are designed to give a_ thermal 
efficiency of at least 80 per cent. That is to say the 
reduction of air temperature is 80 per cent of the initial 
temperature difference. To achieve such an efficiency 
it is essential to have a ram air flow approximately 
three times that of the cabin air. 


AIR CYCLE SYSTEM 

This system can be in one of three forms; each based 
on a cold air unit. In one form the cold air unit is used 
on the bootstrap principle, in another it is used as a 
turbine fan, and in the third case the cold air unit can 
be applied on the regenerative cycle principle. 

In discussing these three forms it will be appreci- 
ated that they all represent cooling cases, necessitated 
by the need to cool the aircraft cabin. As the cabin is 
to be pressurised, heat is available from the compressor 
at the source of the air supply, therefore there is no 
difficulty in providing heat, except on the ground and 
when the engines are not running. This latter case is 
normally covered by the use of combustion heaters such 
as are installed in T.C.A. Viscounts in Canada. 

To simplify the descriptive matter it is proposed to 
deal with the control of the actual heating and cooling 
later in the paper, and to confine this part to a descrip- 
tion of the basic cooling systems. 


The Bootstrap System 

This was the first to be used and it originated from 
the need to pressurise the cabin of an aircraft employ- 
ing piston engines for propulsion. The cabins are 
pressurised from engine driven blowers of either the 
centrifugal or Roots types. The maximum cruising 
height of such aircraft is about 25,000 ft. with a cabin 
pressure corresponding to an altitude of about 8,000 ft. 
The pressure rise across the engine driven blowers in 
this case is relatively low, with the result that insufficient 
cooling would be caused by passing the air through a 
turbine, even if the turbine were made to do work. By 
making the turbine drive a compressor and by using the 
compressor to compress further the air from the engine 
driven blower and then passing the further compressed 
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air through the cooling turbine, a sufficiently high 
pressure ratio across the cooling turbine is achieved; 
thus giving a much greater temperature drop across the 
turbine. It is important to note that an inter-cooler 
placed in circuit between the compressor and the 
turbine, cancels out the heat gain arising during the 
second stage of compression. A heat exchanger or pre- 
cooler is, of course, employed between the engine driven 
blower and the turbine driven compressor; both heat 
exchangers being cooled by ram air. It should be 
stressed that the cooling effected by the turbine, i.e. the 
refrigeration, is brought about not merely by the ex- 
pansion of the high pressure air in the turbine; it is 
fundamentally the work done by the turbine in driving 
its compressor that is responsible for the very consider- 
able temperature drop across the turbine! 

There is a limit to the amount of cooling that can be 
applied by such a system due to the frosting of the air 
outlet ducts if the turbine outlet temperature is taken to 
the freezing point. Problems of water separation also 
arise. It is obvious that the minimum air pressure ratio 
consistent with cabin pressurisation and cooling needs 
should be used if the engine driven compressor horse 
power is not to become excessive. All duct and pressure 
losses should be kept to an absolute minimum. 

One fault of the bootstrap system is that very little 
cooling is available on a stationary aircraft, owing to 
the absence of ram in the two heat exchangers; it being 
understood that the heat arising from blower com- 
pression and from compressor compression must 
be cancelled out by the pre-cooler and the inter-cooler 
respectively, if the system is to be at all effective. 

More recently interest in this system has been 
revived as a result of the very low tapping pressures 
available from jet engines at very high altitude, and the 
bootstrap system could be employed to assist in this 
problem. 


The Turbine Fan System 

Progress from piston to turbine engines, with the 
associated increase in engine air compressor pressure 
ratios, and the availability of large quantities of air, has 
resulted in a change of cold air unit design. There is 
now usually sufficient air pressure available from the 
engine compressor at a high enough pressure not only 
to pressurise the cabin, but to provide the energy for 
cooling. 

This system comprises a heat exchanger which 
supplies the initial cooling of the air from the engine 
compressor. In this connection it should be appreci- 
ated that the air obtained from the engine bleed is much 
hotter than that obtained from engine driven com- 
pressors. The air passes from the heat exchanger to the 
air turbine, and the refrigeration is provided by making 
the turbine drive a fan or ejector pump compressor; 
either of which can be made to boost the flow of 
coolant ram air through the heat exchanger. This 
system does provide some degree of ground cooling as 
long as the engine is running, even though there is no 
movement of the aircraft. An important point about 
the turbine fan cooling system is that no inter-cooler is 
required, thus effecting a great saving in weight. Also 
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the heat arising from the compression is_ passed 
overboard. 

While discussing the tapping of turbine-engine 
compressors for cabin pressurisation purposes, it must 
be mentioned that, owing to the fear of air contamina- 
tion by oil, and so on, our American friends are using 
a cabin turbo-compressor which takes the air from the 
aircraft leading edge, and passes it through a centri- 
fugal compressor and into the cabin. The compressor 
is directly driven by an air turbine which is supplied 
with air from the engine compressor bleed, but this 
“contaminated ” air is then spilled overboard. Figure 8 
shows a typical turbine driven cabin air compressor in 
use in American aircraft today. It should be clearly 
stated that this system has not been found necessary 
where British engines are employed, owing to the very 
efficient compressor bearing seals. The engine com- 
pressor bleed method of cabin pressurisation, together 
with the turbine fan cold air unit, is easily the lightest 
and simplest way of cabin pressurising and cooling, 
and it is with some surprise that one still finds new 
designs of turbine engines or turbo-propeller engines 
which do not make this provision and so necessitate 
going back to the old and heavy engine driven com- 
pressors. This is particularly important when it is 
appreciated that with the high altitude (30/45,000 ft.) 
of modern aircraft, the cabin compressor horse power 
requirements are becoming very large indeed. To 
summarise this matter, British thinking is quite clear 
that we still consider engine bleed to be the best 
method of pressurising aircraft cabins as we have no 
trouble with contamination either on our old or new 
jet engines. If, however, for the sake of satisfying 
one design for international use, it is necessary to 
comply with the C.A.A. thinking, it may be anticipated 
that future British aircraft for the international market 
will probably use engine bleed for the purpose of 
driving the turbo-compressor for cabin supercharging, 
or will still use the engine driven cabin supercharger 
where no bleed is available. This latter drive does not, 
of course, give any guarantee that oil contamination 
will not occur, as lubrication of the supercharger is still 
necessary. 


Ficure 8. Air turbine driven cabin compressor used in current 
American aircraft. 


(Photograph by courtesy of the Garrett Corporation) 
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BY-PASS LINE FROM ENGINE 
ENGINE TO CABIN 
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—— 
PRIMARY HEAT ComPRESSOR ~INTERCOOLER , TURBINE 
EXCHANGER | 
| HEAT EXCHANGER AND TURBINE 
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psi 425 PSI. 72 
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46 
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FiGurE 9. Diagram of bootstrap cold air unit and its 
performance 


Figures 9 and 10 indicate in simple diagram form 
the layout of these two methods of applying cold air 
units, and also show the approximate temperatures and 
pressures associated with such systems. Further details 
are given later during the discussion on individual 
components. 


The Regenerative Cycle System 

The two systems described above are suitable for 
aircraft operating up to a Mach number of 1, but with 
the speeds which are being considered today it is 
obvious that heat exchangers will cause considerable 
drag if they are to be ram cooled for aircraft Mach 
numbers from | to 3—apart from the problem associa- 
ted with ram temperatures at such speeds. It is also 
clear that for military purposes altitudes well above 
the maximum civil transport heights of 45,000 ft. have 
to be considered, and under these conditions there is 
not much air available for cooling in any case. These 
factors have led to the development of the regenerative 
systems which can employ either fan or bootstrap 
types of unit. 

In principle, in the regenerative cycle system, cabin 
air is bled from the engine compressor and passes 
through an air to air heat exchanger and then passes 
through the turbine of the particular type of cold air 
unit chosen and finally into the aircraft cabin. 

The discharge air from the cabin is not thrown over- 
board as in the two earlier cases; it is passed through 
the heat exchanger and is finally discharged through a 
nozzle to obtain the maximum use of the energy left. 
The passage of the discharge air from the cabin to the 
heat exchanger can be given impetus by the fan or com- 
Pressor coupled to and driven by the cooling turbine. 
The temperature, flow control and pressurisation sides 
of this case have been deliberately ignored in order to 
make a simple statement of the problem. Figure 11 


Ficure 10. Diagram of jet pump cold air unit and its 
performance. 


shows the layout of the system together with the 
temperature and pressure distributions. It should be 
noted that for a given pressure and temperature of the 
air bled off the engine, all the available energy has been 
extracted from the air before it is finally thrown over- 
board, and also that ram heat exchanger losses have 
been eliminated. This system is particularly applic- 
able to small military aircraft. 

The three Figures 9, 10 and 11, indicating the basic 
air cycle cooling systems need very careful study if one 
is to obtain a balanced judgment as to the best cycle 
for any particular aircraft and engine combination. It 
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Ficure 11. Diagram of regenerative cycle cold air unit and its 
performance. 
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TURBO JET TRANSPORT AIRCRAFT TURBO PROP TRANSPORT AIRCRAFT 
AUW - 200,000 LB AUW. — 200,000 LB 
NO.OF SEATS —-100 NO.OF SEATS 100 
CRUISE ALT — 35/45000 FT CRUISE ALT — 25/35,000 FT 
TAS (CRUISE) - SSOMPH T.AS (CRUISE) 425 MPH 
105000 BThU/HR AT S/L. r 10$.000 BThU/HR. AT S/L 
COOLING LOAD COOLING LOAD 
‘- -37,000 BThU/HR AT 45,000 FT — 2800 BThU/HR. AT 35.000 FT 
CABIN ALT. — 8,000 FT CABIN ALT. — 8000 FT 
CABIN AIR SUPPLY LB/MIN CABIN AIR SUPPLY 150 LB/MIN 
| | 
| 
TURBO COMPRESSOR 


= 


| 
| 
AIR SUPPLY AND | AIR SUPPLY AND SUPPLY AND INJECTOR 
| 


TURBO COMPRESSOR | ENGINE BLEED AIR 
ROOTSTRAP COOLING SYSTEM BOOTSTRAP COOLING SYSTEM | PUMP COOLING SYSTEM 
| 


| ENGINE BLEED AIR ENGINE DRIVEN COMPRESSOR 
SUPPLY AND INJECTOR AIR SUPPLY AND BOOTSTRAP 
PUMP COOLING SYSTEM COOLING SYSTEM 
| WEIGHT 
INLB 
| | 2200 
FUEL EXPENDED iN 
CARRYING SYSTEM. v 
| 
| 2000 | 
| 
| | 
1800 | 
FUEL EXPENDED DUE TO Y Y | 
COOLING AIR DRAG Sra 
1600 
| 
FUEL EXPENDED IN PROVIDING 1400 : I 


nim SUPPLY AND TO OVERCOME 
VENTILATING AIR DRAG 


1200 


FIXED WEIGHT OF 
SYSTEM 


800 
600 
FIXED WEIGHT OF 
ENGINE ORIVEN BLOWERS 
400 
200 


Ficure 11(a). 
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is almost impossible to argue a general case, the 
particular aircraft and engine combination creating 
over-riding considerations. The dead weight of the 
components alone obviously must not be the sole 
criterion of design, as one system may have tremen- 
dous demands on engine power or on aircraft drag, 
compared with another. Figure 11(a) is an attempt to 
indicate how this drag and absorption of engine power 
does influence thinking on which final system to adopt. 
It is however, quite wrong to assume that a system 
which shows a slight overall saving in weight, when 
fuel and drag have been considered, is necessarily the 
right one to adopt if such a system involves consider- 
able mechanical equipment which requires servicing 
and may go wrong, while another system of the same 
basic weight may have considerably less maintenance 
and occupy very much less volume in the aircraft. 


VAPOUR CYCLE COOLING 

Instead of using air cycle cooling it is possible to 
make use of the refrigeration obtained by the evapora- 
tion of liquids. 

An open circuit method evaporates the fluid direct 
to the atmosphere and is indicated in Fig. 12. 

The first instance of such vapour cycle cooling that 
has aroused interest is the employment of water 
evaporation for the cabin cooling of high-speed aircraft 
(Mach numbers of 2 to 3). 

A table and some notes on the properties and use of 
liquid refrigerants are given. 

The system is extremely light and simple but loses 
the weight of the refrigerant. The last column in the 
table shows that water is by far the lightest fluid for 
this purpose, but it must be supplemented by a turbine 
because its boiling point is too high. This is still true 
at 70,000 ft. where its boiling point is 28°C. 

The nearest competitor is NH,, but even in the short 
range aircraft this still comes out heavier than air plus 
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Ficure 12. Basic system for vapour cycle cooling. 


PROPERTIES OF LIQUID REFRIGERANTS 


| Boiling | Latent | Sat. vap. 1b.] min. 
Liquid | point at heat | P-SI-A: per ton 
| C.H.U./lb. | at 0°C refrigeration 
Water 100°C, S40 0-2 
NH, —33 | 328 | 64 0:3 
oO, <_ 51 -- 0-9 
N, | 50 1-1 
co, 60 | 
Air —190 50 | 11 
Freon 22 —39 56 68 16 
Freon 12 —30 | 40 “4 | 25 
Freon 11 +24 | 55 | 26 


water, and has the disadvantage of being corrosive and 
poisonous. Oxygen, N., and liquid air are all much 
heavier per ton of refrigeration and to supply 15 tons 
for 34 hours would require 3,500 Ib. of liquid air, which 
is several times the weight of the closed circuit vapour 
cycle system. 

A comparatively easy system for short endurance 
supersonic aircraft is a simple air cycle system modified 
by placing a water boiler between the ram air heat 
exchanger and the turbine. A section drawing of a 
typical boiler is shown in Fig. 13. At high altitude the 
boiling point of water will be even below 50°C but 
under these conditions the heat transfer coefficients are 
not very high and it is not wise to expect to obtain an 
air inlet temperature to the turbine of less than 70°C. 
It is most important that water is only boiled off when 
really necessary, such as for high speed bursts. It must 
not be boiled off during cruising. The water tank must 
therefore be heat-insulated and the water fed into a 
flash boiler as required. or the tank and boiler are com- 
bined and the air is normally diverted through a by- 
pass and only put through the boiler when necessary. 

The weight of water necessary depends to a great 
extent on the ram air temperature and on the turbine 
outlet temperature. For instance, suppose the 
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FiGurE 13. Section of a water boiler. 
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temperature of the air leaving the ram air heat 
exchanger is 200°C and that leaving the boiler is 100°C, 
but that the temperature of the air entering the cabin at 
25°C is O°C. Then the heat given to the boiling water 
corresponds to 100°C, but the heat extracted from the 
cabin is only equivalent to 25°C. In other words one 
quarter of the latent heat of the water is really used in 
cooling the cabin. If a much lower turbine outlet 
temperature can be used, say - 25°C, without icing 
troubles occurring during the short time that extreme 
cooling is required, then under the same ram air tem- 
perature conditions, half the latent heat of the water 
would be extracted from the cabin. This shows that 
although a moderate weight of water, say 100 Ib., is 
sufficient for the average flight plan of a fighter aircraft 
up to a Mach number of 2 or 2:5, the weight becomes 
very high for a long range supersonic aircraft flying 
continuously for several hours at this speed. 

Water has the highest latent heat of any liquid but 
even at altitude its boiling point is too high to be used 
directly in the cabin. Ammonia has a latent heat of 341 
at an atmospheric boiling point of -33°5°C, and a 
critical temperature of 130°C. At a cabin temperature 
of 25°C its latent heat would be about 230. If a bottle 
of liquid ammonia could be carried and used to feed a 
boiler directly, through which cabin air is circulated by 
a fan, then the whole of the latent heat of about 230 is 
usefully employed in cooling the cabin instead of only 
a fraction of the latent heat of the water and air turbine 
system. Thus under some flight conditions the weight 
of a direct cooling ammonia system could be less than 
that of a water system. In practice the ammonia system 
is used in missiles but has not yet been applied to air- 
craft, but it would have useful application if it were 
installed for other purposes. 

For the long range aircraft with Mach numbers of 2 
or 2:5, and also to a certain extent for shorter range 
aircraft and missiles, the closed circuit vapour cycle 
refrigeration system is the most practical. Suitable 
refrigerants are the Halides, Fluoro-Chloro-Methane 
compounds manufactured under a great variety of trade 
names. In the U.S.A. they are Freon, Carrene, 
Genetron, Isotron, and so on, and in Great Britain, 
Arcton, all identical ranges of the Fluorine and 
Chlorine compounds. 

A vapour cycle refrigerator is in effect a heat pump. 
It lifts heat from one temperature level and rejects it at 
a higher level. The work needed to operate the heat 
pump depends on the difference in temperature levels of 
the cycle. Where the temperature difference is small it 
may be only one third or one quarter of the heat lifted, 
but where the temperature difference is large the work 
input approaches the heat extracted from the low 
temperature source. Also for any refrigerant there is a 
limiting temperature range over which it can be used. 

There are two facets to the vapour cycle system, one 
is its application to passenger aircraft and the other to 
military types. The latter is shrouded in secrecy, but it 
will be appreciated that for very high speed aircraft it is 
a waste of air to do all the cooling by air bleed from the 
engine. Pressurisation and ventilation requirements are 
low, but recirculation must be high to achieve the 
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6-ton 
Reciprocating system. 
Weight 240 lb. 
Complete with fans. 


12-ton 
Centrifugal system. 
Weight 150 lb. 


FicureE 14. Weight comparisons of reciprocating and centrifugal 
vapour cycle systems. 


cooling required and hence the vapour cycle evaporator 
system is attractive. 

The reason for using the vapour cycle system for 
passenger aircraft has already been given. It has been 
ignored until now, but recent reductions in weight 
achieved in both reciprocating and centrifugal com. 
pressor systems have made their use much more 
attractive. (See Fig. 14.) 

For 100-seater passenger aircraft it has been found 
that 12 to 14 tons of refrigeration is required on the 
ground. This needs about 25 h.p. from some power 
source, and is a good illustration of the weight saving 
achieved by using either a.c. power or air bleed instead 
of d.c. power. Two d.c. 12 h.p. motors driving duplica- 
ted reciprocating compressors, including their separate 
systems, with circulating and condensing fans, weigh 
390 Ib., while a single a.c. motor centrifugal com- 
pressor giving 12 tons refrigeration weighs 150 Ib. as 
a complete system, and the corresponding air turbine 
compressor system weighs 140 Ib. or less. 

The ground power requirements of such systems, 
however, severely strain the existing equipment, and 
this together with the weight reductions possible from 
the use of air turbine driven engine starters, makes it 
possible to consider the use of airborne auxiliary power 
units (A.P.U.). 

This is a particular case where the overall integra- 
tion of the aircraft system is so important. When bleed 
air is available, it is possible, with an airborne A.P.U., 
to replace the heavy electrical starting by low pressure 
(45 p.s.i.) air turbine starting. The weight reduction is 
sufficient (including the saving on bus bars) to cover the 
installed weight of the A.P.U. Thus this: — 


(a) provides the bleed air for engine starting; 

(b) provides the bleed air for driving the vapour cycle 
compressor; 

(c) can drive any emergency equipment required: 

(¢) makes the aircraft independent of ground starting 
trucks; 

(e) provides emergency power at high altitude, though 
not normally used above 10,000 ft., this being 
decided by the cooling requirements. 


The table opposite compares such a system, using 
an A.P.U., with a system that does not have an A.P.U. 
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and which has only 28 volt, d.c., as the power source. 
Photographs of the main components of both vapour 
cycle systems, and of the A.P.U. are shown in Figs. 15, 
16,17 and 18. Typical performances of the evaporators 
and condensers are shown in Figs. 19 and 20, a com- 
plete vapour cycle system is illustrated in Fig. 21, and 
an ideal bleed air system incorporating A.P.U. and 
vapour cycle cooling is shown in Fig. 22. To this table 
should be added, of course, the weight of fuel used by 
the two systems, i.e.'the A.P.U. uses fuel for its bleed 
air and similarly in flight such bleed air is taken off the 
jt engine compressor. Also the engine driven com- 
pressors use fuel, taking their power off the engine 
direct. In this latter case, where fixed displacement 
blowers of low thermal efficiency or small centrifugal 
compressors are used, the efficiency of these components 
will be less than that of the main engine compressor 
and hence the equivalent fuel consumption and weight 
should be greater. If anything, such an analysis will 
favour the jet engine bleed case. 


Ficure 15. Auxiliary power unit. 
(Photograph by courtesy of the Garrett Corporation) 


SENSING BULB 


PRESSURE 
EQUALIZER 


Ficure 17. Expansion valve for vapour cycle system. 
(Reproduced by courtesy of the Garrett Corporation) 


WEIGHT SUMMARY FOR 100-SEATER AIRCRAFT 
(Comparing Bleed with No Bleed plus d.c. Electrics) 


7 Jet engine 
No bleed 
d.c. electrics 


Jet Engine 
with bleed 


System details 


Cabin pressure system 50 50 

Heat exchangers 100 Primary 200 Primary 
plus 
secondary 


Air cycle refrigeration 40 Turbo-fan 45 Bootstrap 
149 Air turbine 


driven 


240 Reciprocat- 
ing 28v. 
d.c. motor 


Vapour cycle system 


Engine starting 104 Air turbine 400 Including 


bleed busbars 
A.P.U. (GTCP.85) 215 Nil 
40 K.V.A. 80 Alternator 140 dic. 
generator 
Installation 125 Nil 
Engine driven compressors Nil 200 (2 off) 
TOTAL WEIGHT LB. 863 1,275 
Cooling Air cycle 18 18 
tonnage * Vapour cycle 12 6 


Self-contained From ground 


truck 


Ground cooling 


Ficure 16. Centrifugal vapour cycle compressor. 
(Photograph by courtesy of the Garrett Corporation) 


Figure 18. Reciprocating 
vapour cycle compressor. 


(Photograph by courtesy of the 
Garrett Corporation) 


fugal 
‘ator 
for 
Deen 
‘ight 
om- 
nore 
und Fy = 
rom = we 
wer 
oT a- | 
“4 | 
U, | 
ure | 
ing | — 
ugh 
ing INLET 


738 VOL. 61 JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY NOVEMBER 1957 E | 
G. CABIN AIR 88°F AINS/LB. FAN PD.IO! 
CONDENSER FOR H20. TEMPERATURE RISE FINNED PLATE CON- 
AMBIENT AIR 94°F. STRUCTION:— FINS °3°X-006" MEAN HYDRAULIC 
DIAME TER- 0-0622° FREE AREA RATIO 0562 BASE 
METAL. TEMPERATURE EVAPORATING. 25°F. MIN. 
FINS -3*-O067 MEAN HYDRAULIC DIA. -0622" | 
22- FREE AREA RATIO -562” 
-—-+- +40 
20 — ¢ =3-73" (4=60-0 
FAN H.P = 
4 TURB 
START 
25 Flo 
12° r40 & 
| 
o+ —t + | Lo 
250 
| + 20 
P.D. FA 
IN. W.G. ; N_DOWN 
| | = AN UPSTR ‘AM 
| | | 
j ro) t = t 3 
| « 
20 22 2 28 
AREA OF MATRIX - SQ.FT. | 
t T T T Co 
Ficure 19. Performance curves—Vapour cycle condenser. re) 1:2 4 16 18 20 
AREA OF MATRIX-SQ FT 
FiGure 20. Performance curves—Vapour cycle evaporator. con 
par 
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FiGure 21. A vapour cycle cooling system. eq 
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FiGurRE 22. Ideal bleed air conditioning system incorporating A.P.U. and vapour cycle cooling. 


Control Systems 


There are a number of systems that must be 
controlled. They are each dealt with separately in this 
part of the paper, and are --Temperature-——Air Flow— 
Humidity—Cabin Pressure—and Oxygen. 


TEMPERATURE CONTROL 

The aircraft cabin requires to be maintained at a 
constant temperature, which must be capable of being 
set by selection between the range 65° and 75°F. As 
stated earlier in this paper there is usually adequate heat 
available and the problem resolves itself into one of 
controlling the amount of air that is allowed to bypass 
the heat exchanger and the cold air unit. 

The ideal system is one which first monitors on the 
heat exchanger and then passes the control over to the 
cold air unit, so that if full heat is required both cooling 
units are out of circuit. In many cases the system is 
simplified so that the bypass operates on both the 
cooling units together, or alternatively, on one only; the 
other being permanently in the circuit. 

The ideal control is for the bypass valve to have a 
proportional opening so that each degree of movement 
gives a corresponding change in duct temperature. 
There are two main types of control in existence today, 
one pneumatic and the other electrical. In principal they 
are both the same in that in each case a cabin tempera- 
ture is sensed and is transmitted to a bypass control 
valve, which then operates to correct the cabin 
temperature. When the correct cabin temperature is 
established the signal is cancelled. In actual practice 
the cabin sensing element sends no signal if the tem- 
perature lies within a +2°F band of a control point. 
The ideal system is one which sends a signal propor- 
tional to the correction required, thus establishing the 
Control in the minimum of time. If there was no heat 
equivalent and no time lag in the system, this would be 


all that is required, but in practice it may be many 
minutes after the cabin signal has been sent that the 
sensing element receives the change of temperature 
called for and so cancels the signal. Such a response lag 
can cause violent swings in the control mechanism and 
create a tendency to hunt from hot to cold about a mean 
position. 

As a result it has become necessary to include a duct 
temperature anticipator in the system. This is virtually 
two temperature sensing elements, one which observes 
an immediate change in temperature and another which 
only receives the temperature after a lapse of time, due 
to heat shrouding. The first effect is to give a signal to 
control the bypass valve and the second to cancel the 
signal as soon as the shrouded element reaches the same 
temperature. By matching these two elements with the 
aircraft system temperature lag, it is possible to take 
this into account and obtain steady control without 
hunting. 

The pneumatic and electrical methods of control are 
shown in Figs. 23 and 24, the former becoming very 
popular for fighter aircraft, while the latter is generally 
used for passenger aircraft. The pneumatic system is 
considerably lighter than the electrical. except where the 
basic air pressure available may fall below 8 p.s.i. as in 
the case of engine driven cabin compressors. It becomes 
still simpler where only a duct sensing element is used, 
though the pilot then has to exercise control as the cabin 
temperature will vary, for a given duct temperature, 
dependent on the system heat input and output. 

Figures 25 and 26 show sample units used for 
temperature control both of the pneumatic and electri- 
cal types, and it should be noted that the electrical units 
can be sub-divided into those for use in a system 
embodying valve amplifiers and one using magnetic 
amplifiers. These amplifiers are necessary in order to 
multiply the sensing signal many hundreds of times so 
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Ficure 23. Pneumatic temperature control system. Ficure 24. Electrical temperature control system. 

(b) The signal is amplified and passed on to the 
actuator that operates the temperature control 
valve. This valve, by design of valve and system, 
should have a linear control from full open to shut 
of, say 400°F. 

The actuator by design will be such that it takes 
certain time to make a complete stroke of the valve, | cont 
say 30 secs. the 
For a given aircraft there is roughly a ratio of duct | equi 
temperature change to cabin temperature chang: | adju 
(say 3 to 1), and such a system as described i} mer 
known as the proportional floating control. and 
Without the anticipating sensing elements this} feat 
results in a stabilised cabin temperature after two | hea 
or three swings above and below the control | teal 
position. equ 


as to operate the temperature control valve by means 
of an actuator. The largest source of trouble in this 
type of system is the actuator and its relay system, with 
the usual commutator and brush wear, and the limit 
switch and relay contact life. 
Stability of the system is most important. If it is not (c) 
maintained, the operating circuit will always be on 
starting torque, which, for electrical actuators, is fatal. 
All these systems are basically closed loop servo (d) 
systems to which the following apply. 
(a) The cabin sensing element sends no signal unless 
the temperature wanders outside the specification (c) 
tolerance (+2°F), due to the input or output of 
heat in the cabin having changed. 


| 
Cc D E 
FiGureE 25. Pneumatic temperature control equipment. Ficure 26. Electric temperature control equipment. = 
(a) Flow control valve. (B) Duct sensing element. (a) Selector unit. (B) Sensing element. (c) Anticipator. 


(c) Reducing valve. (Dp) Controller. (£) Limiting thermostat. (Dp) Magnetic amplifier. (£) Valve amplifier. 
(Photographs by courtesy of the Garrett Corporation) (Photographs by courtesy of the Garrett Corporation) 
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(f) With the anticipator it brings the cabin tempera- 
ture down to the desired figure with little or no 
overshoot; controlling the duct in one swing and 
in a minimum of time (see Fig. 27). 

(g) In order to obtain a correction proportional to the 
temperature “out-of-balance,” the output charac- 
teristics of the controller is made to give a signal 
proportional to the temperature “out-of-balance,” 
and so the series actuator will produce a similar 
change. 

(h) It should be emphasised that the cabin element will 
normally call for temperature correction; the duct 
anticipator merely providing a correction and can- 
cellation for a change of duct temperature result- 
ing from a change of engine bleed condition. This 
in turn will result from variation of engine r.p.m., 
aircraft altitude, or A.S.I., or of the initial signal 
from the cabin element. 

(i) If the total valve movement covers 400°F, and it 
is necessary to control the cabin to 1°F it will be 
appreciated that the valve must be capable of being 
controlled in less than 1° steps and hence it is 
esssential to have a sensing element with a high 
rate of response, such as is possible with “bead-in- 
glass” thermistors. It is also equally important 
that the sensing element in the cabin is placed in 
the cabin discharge or recirculation duct, where 
reasonable air velocities exist. 

To summarise the technique of cabin temperature 
control, one may say today that this has passed out of 
the era of “hit and miss” into the stage where the 
equipment can be closely defined and the necessary 
adjustments made to more or less standardise equip- 
ment to suit the particular rates of change of heat input 
and output from the aircraft cabin. The unknown 
feature which has to be equated is always the particular 
heat lag of a new design of aircraft. This factor is 
really the only unknown in a series of mathematical 
equations which can be used for the solution of cabin 
temperature control problems. 

Temperature control discussed so far has been that 
applied solely to cabin temperature, but the control 
systems are equally applicable to the cooling of radio, 
radar and other special compartments, and to wing 
de-icing, to windscreen heating, or to the cooling of 
power controls. 

An illustration of a simple windscreen heating 
control is given in Fig. 28. Here the engine bleed 
provides the hot air, and the cold air is supplied by an 
injector pump, which mixes the air to ensure the correct 
temperature at the windscreen. A sensing element at 
the mixed delivery sends a signal back to a pneumatic 
servo piston which controls the amount of cold air 
admitted. 

Other schemes for wing de-icing are similar but 
control the quantity of air instead of the temperature 


FiGurE 28. Windscreen temperature controller. 
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FiGuRE 27. Effect of rate of change anticipation on proportional 
heating control. 
(Reproduced by courtesy of the Garrett Corporation) 


(Fig. 29). Obviously the B.Th.U.’s of heating available 
vary with the air flow for any constant air temperature. 


FLOW CONTROL 

There are three basic forms of flow control. The 
earliest used was that associated with the engine driven 
cabin compressors, which were of the Roots type. In 
order to control the air flow for a passenger aircraft as 
many as three blowers are employed each with its own 
flow control, the latter being manually operated by the 
engineer. 

The air flow from one compressor could, under 
certain conditions, be more than required, and so the 
flow was controlled by spilling the surplus air overboard 
before it entered the cabin. Unless the engineer took 
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FiGurE 29. De-icing control system. 
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FiGureE 30. Mass flow controller for engine driven blower 
systems. 


extreme care in introducing flow from the other blowers, 
cabin pressure surges occurred, with attendant discom- 
fort, particularly of the ears. 

This has led to one final sensing head being used in 
the duct which sends its signal to three separate control- 
lers. These in turn pass the signal to separate actuators: 
each controlling spill valves. This form of controller is 
used in the Viscount aircraft and is shown in Fig. 30. 

In cases where air flow is obtained from engine 
driven compressors, it is very important to appreciate 
that only a very limited pressure head is available and 
that the air system resistances must be carefully estab- 
lished. A review requires to be made of all duct losses 
and bends in order to ensure that these are kept to a 
minimum. Additionally, rig testing of such a complete 
system is highly recommended. Appendix IV is included 
in the hope that it may help to establish a basis for the 
evaluation of duct losses. 

One trouble with the Roots compressor and the 
associated flow control system is the inbuilt compression 
ratio, which leads to considerable horse power loss at 
take-off and during unpressurised conditions, i.e. the 
Roots Compressor is a positive displacement system 
which is always having to work against whatever 
resistances there may be in the air-conditioning system. 
The alternative centrifugal cabin compressor reduces 
the loss by having an integral variable inlet eye, which 
also helps to maintain a more constant air flow. 

In this country the Roots blower has been favoured 
partly because the pressure ratios allow choke heating 
to be employed instead of combustion heaters, but in 
Canada, for instance, these have to be used as well in 
order to provide ground heating. 

A very popular method of flow control today, for 
“bled” engines, is a simple spring loaded pneumatic unit 
of the “carrot in the hole” type. This has the advan- 
tages that no electrics are involved and the flow control 
characteristics can be matched with the cold air unit by 
contouring the carrot. Figure 31 shows a typical auto- 
matic flow controller of this type. 

If the system back pressure is limited, a third type 
can be used, which consists of a venturi used to supply 


— 


FiGureE 31. Automatic flow controller. 


the pressure difference to operate a rolling diaphragm 
piston, which in turn operates a butterfly type control 
valve. This system can also be used to limit the duct 
pressure down stream. A typical venturi flow controller 
is shown in Fig. 32. 

It will be appreciated that all types of flow controllers 
must be both sensitive and fast in action, if the cabin 
pressure is not to surge or if the cold air unit is not to 
overspeed. The downstream pressure in the ducting and 
in the cabin must remain constant in spite of “bled” 
engines causing upstream pressure changes as great as 
50 p.s.i./sec., or the temperature control swinging from 
the cold air unit to the bypass. 


HUMIDITY CONTROL 

The advent of the high altitude aircraft has brought 
about the need for adding moisture to passenger aircraft 
systems. At 40,000 ft. the air has a relative humidity of 
the order of | or 2 per cent and this causes irritation of 
the eyes, nose and throat. As a result it has become 
necessary to add water to the cabin air supply so as to 
increase the RH to approximately 30 per cent, and to 
achieve this as much as 30 gallons of water may be used 
in an eight-hour flight. Figure 33 shows a unit of the 
type installed in the Comet and Britannia aircraft. 

This venturi humidifier provides a very great saving 
in weight, and represents a very considerable advance in 
simplicity when compared with electrically operated 
boilers and similar configurations. It also overcomes 
the problems encountered in humidifiers which relied on 
high pressure sprays through very fine jet orifices; the 
orifices being very prone to blockage troubles. 

In addition, the use of this simple unit dispenses 
with the need for electrically driven water pumps; the 
only electrical unit in the system being a simple solenoid 
controlled water shut-off valve. The latter can be 
controlled by manual switching, or automaticaily by 4 
humidistat. 


FiGure 32. Venturi flow controller. 
(Photograph by courtesy of the Garrett Corporation) 
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Ficure 33. Venturi humidifier. 


The alternative problem of water removal is just as 
important and resolves itself into two separate cases. 
The first is the necessity to prevent fog, or the misting of 
military aircraft windscreens on descent through cloud, 
as this can affect vision and even create frost if the 
windscreen heating is not adequate. 

Owing to the finely divided state (1 or 2 microns) of 
the fog issuing from the cold air units, it is necessary 
firstly to coagulate the fog into larger particles and then 
catch them. This is done by passing the air through a 
fine filter pack and then over momentum slats where the 
larger particles of water are caught and drained away. 
A typical water separator is illustrated in Fig. 34. 

The second form of humidity control is that already 
mentioned under the heading of vapour cycle cooling. 
It is associated with the ground conditions and _ is 
effected by the vapour cycle refrigeration system. 

Many designs have been evolved, some using recipro- 
cating compressors and others using centrifugal types, 
but the system is basically the same as that shown in 
Fig. 21. The air entering the cabin is passed through a 
vapour cycle evaporator and a water trap. This air may 
be the main air supply from the primary air cycle cooling 
system, or it may be that only used for recirculation as 
shown in the system diagram, but the values of air flow, 
temperature and humidity will be relative. 

It is usual to try to reduce the cabin temperature on 
the ground by some 20°F, with a corresponding reduc- 
tion of humidity. This, for a 100-seater aircraft with an 
outside air temperature of 100°F. can correspond to a 
refrigeration load of 10 or 12 tons. Incidentally this 
latter term is often used very loosely and Appendix III 
is included to clarify thinking on this subject. In some 
applications, in air turbine systems, it does not neces- 
sarily mean any cooling of the cabin. 


AIRCRAFT PRESSURISATION CONTROL 

This is obtained, in all cases, in civil aircraft and in 
the majority of military instaliations, by one or more 
discharge valves receiving a signal from a_ pressure 
controller and restricting the air flow passing overboard 
from the cabin. The amount of air required is governed 
by the particular requirements of ventilation, cooling, 
and so on rather than the needs of pressurisation. For 
Compartments where a low level of ventilation can be 
permitted and where the cooling is ignored or is 
effected by recirculation, then it is possible to control 
Pressure by regulating the inlet flow against the leak 
rate of the compartment. 


FiGure 34. Water separator. 


The requirements of civil and military systems have 
been different in the past due to the apparent difference 
in role of the aircraft, the medical standard of the 
occupants and the approach to the use of oxygen. There 
is, however, a growing tendency to realise that these 
differences are not so real as were at first thought and to 
realise that the simplicity of the military control with no 
resetting is equally attractive on a civil aircraft. It is 
also coming to be realised that the high rates of change 
of cabin altitude permitted on military aircraft are 
having a bad effect on the health of the crew. 

There are still certain ways in which the military and 
civil installations differ, such as the duplication of 
systems on civil aircraft and the necessity for low cabin 
differentials in combat for military aircraft; points which 
would lead to detail differences in the systems. 


Small Military Aircraft Installations 

This has consisted of a simple controller, modulating 
a singie discharge valve and set to commence pressuris- 
ing at 10,000 ft. and to give a gradually increasing cabin 
altitude until the aircraft has reached some 25,000 ft., 
when the permitted differential between cabin and 
ambient is reached. Above this point the cabin altitude 
follows that of the aircraft, giving a rate of change which 
reduces with altitude. In addition, the system includes 
a safety valve set slightly above the normal permitted 
differential, and an inwards relief valve to cover the 
descent in the non-pressurised condition. Figure 35 
shows the differential pressure control curve for this 
type of aircraft, and Fig. 36 illustrates the basic pressure 
control system. 

The above arrangement gives a simple system, 
especially if the safety and inwards relief valves are 
combined with the discharge valve. This, however, has 
its disadvantages, especially if the discharge valve is 
installed so that loose dirt, paper, and so on, naturally 
gravitate towards this outlet from the cabin. A prefer- 
able arrangement is to provide the safety and inwards 
relief valve as a combined unit having a separate outlet 
from the cabin, as illustrated in the system drawing 
in Fig. 36. 

With the increased cooling requirements of some of 
the modern aircraft, it has been appreciated that the 
cabin air still has considerable cooling potential, 
especially for electrical equipment. Increasing use is be- 
ing made of this, and provision is made in all discharge 
valves for the attachment of a connecting duct. By suit- 
able design of the discharge valve, the resulting increase 
of back pressure from this cooling duct has no effect on 
the controlled pressure in the cabin. Similarly, upstream 


<= 
195 743 
Ne 
) 


7144 VOL. 61 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


“NOVEMBER 195 


=> 30 7 
= | | 
< 
| ? | 
/ 
| 
/ | 
; 
/ 
8 | 
° Sp= 3-5 Ps. I, 
| 
| | 
| 
/ | | 
< | 
| / | | 
z | | | 
| |. | 
< | — 
j | | | 
/ | 
| | 
| 
| 
10 
| | 
| 
| | | 
| 
° 10 20 30 40 50 60 70 80 90 100 


AIRCRAFT ALTITUDE—1000 FT. (1.C.A.N) 


FiGure 35. Typical pressure control characteristics— 
Small military aircraft. 


ducting can be used to ensure the air is extracted from 
the cabin at any particular point. A typical ducted unit 
is shown in the system diagram in Fig. 36. 

With high rates of climb and descent of the aircraft, 
this system naturally imposes correspondingly high rates 
of change of pressure on the pilots,and more particularly 
on his ears, which may lead to otitic barotrauma or other 
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FiGurE 36. Typical pressurisation system for small military 
aircraft. 


PRESSURE DOWNSTREAM | | | 
AIR SUPPLY PRESSURE 
(VARIABLE) (CONSTANT) = 
PRESSURIZED 
= COMPARTMENT 
/ 
DEMAND PRESSURE | 
CONTROLLER ) 
——= = COMPARTMENT LEAKS 
FiGure 37. Basic demand pressure controller system for 


unoccupied compartment. 


ear troubles. A simple solution, from the system design 
viewpoint, is to control the cabin to ground level pressure 
and design the aircraft for the resultant high differential 
at altitude. This, apart from the structural increase of 
weight and increased danger of explosive decompression, 
is made difficult by the limitations on the designs of 
transparencies and hoods. Another alternative is to 
control the cabin to a negative differential at the bottom 
of the dive which, in addition to a reconsideration of the 
cabin strength, would mean a special control on the inlet 
flow of air and other complications. A compromise will, 
no doubt, be achieved on the existing breed of aircraft, 
but more attention must be paid to this problem in the 
initial design stages of all future manned aircraft. 

An alternative method of control is given by the 
Demand Pressure Control System which controls the 
inlet flow to the cabin with the object of limiting the 
flow to the bare minimum necessary to give the desired 
pressurising; its more obvious applications being where 
the supply of air is very limited and where the condition- 
ing of the occupants is effected by a circuit separate to 
that supplying the cabin. This system also gives a 
simple method of increasing the density of cooling air in 
pressurised but non-occupied compartments (se 
Fig. 37). 


Large Military Aircraft Installations 

The problems associated with the smaller aircraft are 
still with us when we consider the larger installations. 
At first sight it might be suggested that the rates of 
change involved are not so high, which of course is true 
for the aircraft, but not necessarily so for the cabin. 
Due to the longer range and the necessarily increased 
mobility of the crew, the pressure control characteristics 
are such that oxygen is not required under normal 
conditions, which means a high differential pressure for 
high aircraft altitudes. To overcome the explosive 
decompression risk, the system is arranged so that the 
differential pressure can be reduced at the flick of 4 
switch; thus involving the crew in rapid rates of change. 
The ears can withstand, without damage, a rate 0! 
decompression greatly in excess of the rate of re-pres 
surisation. This is fortunate since it may be an urgetl 
necessity to reduce the pressure if danger threatens and 
then bring back to normal value at a more leisurely ral? 
when the danger has passed. The ratio of the rate o 
decompression to that of recompression achieved it 
practice may be as high as 12:1. 
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It has been suggested that, because of the réle of the 
jircraft and the relative inefficiency of the jet engine at 
low altitude, it is essential for the aircraft to continue to 
iyhigh. This is covered by giving a measure of duplica- 
ion of the control equipment, but more particularly in 
ensuring that all the equipment fails safe: safe being 
defined as preventing loss of pressure and control of 
pressure then passing to the safety valve. 


Civil Transport Installations 

The pressurisation system of civil transport aircraft 
has to take into account the age and the health standard 
of the passengers carried and is required to ensure they 
are unaware of and unaffected by any change in pressure 
from the time of entering the aircraft to leaving the 
aircraft at their destination. This involves designing the 
mechanism to control the rate of pressure change at 
initiation and termination of pressurising, careful control 
of cabin rate of change during climb and descent of the 
aircraft, and a designing system which is insensitive to 
rapid and relatively large changes in the air flow entering 
the cabin—caused by manual manipulation of the flow 
control or rapid changes of throttle position. 

A typical pressure control system for a large civil 
aircraft is shown diagrammatically in Fig. 38 and 
consists of a single control unit modulating two discharge 
valves; the valves being interconnected to keep them 
both open by equal amounts and so as to ensure 
satisfactory flow equalisation, and hence good air 
distribution, in the cabin. Physically attached on the 
upstream side of each of these discharge valves is a 
similar discharge valve which includes a simple unit 
called an emergency controller. These emergency 
upstream discharge valves are wide open. If, however, 
the downstream valves which normally control, open 
too far due to failure, then the emergency unit comes 


ER 


into action automatically and holds the cabin at a 
predetermined altitude. 

The A.R.B. specify that emergency controllers are to 
be fitted for operation above 25,000 ft., or below that 
height if a descent to 18,000 ft. cannot be carried out in 
a reasonable time. In the U.S.A. these emergency units 
are not required, whatever the operating height. 

The controllers may be fully under the selection of 
the pilot or engineer so that prior to take-off and by 
rotating independent knobs on the controller, the 
altitude at which pressurisation commences, the rate of 
cabin change of altitude and the final control height of 
the cabin, can be set. The controller will then give the 
desired conditions automatically as the aircraft climbs 
and attains its cruising altitude. Similarly, on descent, 
the descent path of the cabin is controlled by reselecting 
the new control altitude. 

Any system which permits manual selection is 
capable of misuse, and to overcome this aspect a study 
has been made of the necessity of reselecting the rate of 
change to the cabin control altitude. The rate of change 
to suit all passengers has been agreed as 300 ft./min., or 
more precisely 0-16 p.s.i./min., which gives 300 ft./min. 
at ground level and 350 ft./min. at 8,000 ft. The 
advantage of being able to select cabin altitude is that 
it permits the lowest cabin altitude, in keeping with the 
design differential and the aircraft operating height, to 
be employed at all times. The maximum design 
differential pressure is, in general that for an 8,000 ft. 
cabin at the aircraft optimum height. By incorporat- 
ing the rate of change and the altitude control into 
the fixed characteristics, it is possible to reduce the 
number of adjustable controls to one that is only 
necessary to allow for taking off and landing at aero- 
dromes of different altitudes. This small control unit is 
the only item that needs to be located in the cockpit; 
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FiGure 38. Typical pressurisation system for a large civil transport aircraft. 
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the pressure controller and the discharge valve can be 
instalied as a pack in any appropriate part of the 
aircraft (see Fig. 39). 

Certain stages in the process of being flown over 
given routes can give rise to pressure surges which, to 
the sensitive person, can result in a pain in the ear or 
sinus, for example when the flow is introduced or shut 
down or when the flow is changed rapidly. To over- 
come this, each controlling discharge valve incorporates 
a surge controller which speeds up the action of the 
discharge valve to prevent any tendency for the cabin 
pressure to change. The initial pressure surge when the 
flow is introduced is a function of the rate and value of 
the flow introduced and the size of the outlets from the 
cabin. If the discharge valves are designed to be a size 
suitable for dealing with the flow when pressurised, then 
they tend to be too small to prevent a surge if the fuil 
flow is introduced quickly even when they are open 
initially or are sucked open before the flow is intro- 
duced. This necessitates the opening of a further valve 
which may be either the safety valve, the inwards relief 
valve or a special dump valve. A pressure drop of 
4-4 in. W.G. represents a change in cabin altitude of 
300 ft., and if a rate of change of less than 300 ft./min. 


TYPE H PRESSURE CONTROLLER 


FILTER UNIT— 


NBOARD 
DISCHARGE 


OUTBOARD DISCHARGE VALVE 


FiGuRE 39. Pressurisation pack embodying a pressure controller, 
an upstream or emergency discharge valve, downsiream normal 
controlling discharge valve, and filter unit. 
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is to be maintained, then a control is necessary on the 
rate at which flow can be introduced and also on the 
rate of closing of the additional valve. This problem 
is obviously simplified if the tandem system is not used 
since this gives a reduction in pressure drop for a given 
size. 

From the above, it is obvious that for a successfyl 
system the design of the pressure control equipment, 
safety valve, inwards relief valve, and so on, should be 
closely co-ordinated in the initial conception of the 
system. 


OXYGEN SYSTEMS 

It is well known that for all military aircraft, cabin 
pressurisation is not regarded as sufficient safeguard of 
the crew and hence oxygen is necessary as well. There 
are a number of reasons for this, not the least being the 
desire to protect the crew if the cabin is punctured by 
enemy action. While it is not intended to go into this 
in detail, the background will serve to put the matter in 
its proper perspective. 

Man requires a minimum of 2:7 Ib./sq. in. lung 
pressure if he is to keep alive at altitude. This is 
equivalent to an altitude of 40,000 ft., so that above that 
height he requires an increased pressure of oxygen if the 
cabin fails. In the high altitude bail-out case the oxygen 
supply has to be adequate not only to maintain the 
increased breathing pressure but it must also boost the 
supply to a pressure garment. 

It is obviously impractical to expect passengers of 
high altitude civil aircraft (40,000 ft. and above) to be 
able to use “demand” pressure breathing oxygen 
systems. Nor do the risks justify such an action, for it 
is considered that sudden loss of cabin pressure is ver\ 
unlikely. If there is a slow loss of pressure, the 
pilot has time to reduce the aircraft altitude to below 
30,000 ft.; this being an altitude at which simple 
continuous flow can be used. 

Due to the comparatively low efficiency of the jet 
engine at lower altitudes, it may not be possible to 
reach the destination, particularly if there are inter- 
vening mountains or long stretches of sea. Under these 
conditions it is necessary for the passengers to be 
provided with oxygen but only of the constant flow type: 
pressure breathing being unnecessary at 30,000 ft. A 
minimum supply of 3} litres/min. of oxygen is required 
at 30,000 ft. 

The flight crew should breathe oxygen at all altitudes 
above 15,000 ft. and the demand system will be 
employed in this case. 

For a crew of three and a duration of eight hours 
they use: 

3 x 60 x8 x 2:23 S.T.P. litres = 3,210 litres 
plus a provision of 900 litres required against the 
possibilities of smoke in the cabin and decompression: 
a total of 4,110 litres. 

The passenger requirements should cover the wots! 
case and for this purpose it is wise to take a figure of 
4 litres per minute per person. Assume this is requite 
for one hour duration, then the oxygen for passengers ¢! 
a 100-seater aircraft becomes: 100 x 4 x 60—24,000 litres 
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AIR CONDITIONING IN AIRCRAFT 


FicurE 40.  Twenty-litre 
lightweight stainless steel 
liquid oxygen converter. 


(Photograph by courtesy 
of Bendix Aviation Corporation) 


FiGuRE 41. Type 
oxygen mask. 


The figure of 4 litres per minute has been taken on the 
assumption that the aircraft has to remain at its cruise 
height in order to have enough fuel to reach its 
emergency destination, and for this reason the foregoing 
statement has been caiculated on the basis of keeping 
the aircraft at 30,000 ft. 

Besides this quantity, emergency oxygen is always 
available, which the stewardess can carry around and if 
these are 200-litre sets they will cover a maximum of 
100 minutes. It is possible that several portable sets 
should be available. 

If all the oxygen were to be stored in high gas 
pressure bottles, the weight of the empty cylinders alone 
wouid amount to approximately 600 Ib. with another 
90 lb. for oxygen. Using liquid oxygen, 2 = 20-litre 
liquid converters would be required having a total 
charged weight of 200 Ib., showing a weight saving of 
490 lb. The distribution pipes, oxygen points, masks 
and valves weigh another 130 Ib., so that the minimum 


_MASK STOWAGE 


CONNECTOR & FLOW 
SELECTOR 


MASK EXTENDED — 


FiGure 43. Typical installation for extending oxygen masks. 


L passenger 


Ficure 42. Lightweight portable oxygen set. 


weight of a liquid oxygen system for use of 100 
passengers and crew at 30,000 ft. and having an 
endurance of one hour, would be 330 lb. The adoption 
of Liquid Oxygen by airlines for these high altitude 
aircraft would seem to be a natural course of events as 
there is no doubt that existing military experience has 
indicated the advantage of Liquid Oxygen over gaseous 
systems and manufacturing techniques have aiready 
been solved both for the airborne equipment and for the 
ground servicing supplies. 

Figure 40 shows a typical 20-litre converter, 
and Figs. 41 and 42 show a type L _ oxygen 
mask and a portable emergency breathing set respec- 
tively. Passenger oxygen points are best stowed under 
the luggage rack so that the masks are suspended down 
in front of each passenger as shown in Fig. 43. While 
little has been done along these lines in England, it is of 
interest to note that it is a C.A.A. requirement in 
America and the new Boeing 707 and DC-8 aircraft are 
both making provision for such a passenger oxygen 
installation. 


Equipment Testing 


One of the most important aspects of the develop- 
ment of any cabin conditioning system is the ability to 
carry out the full scale test programmes necessary 
to ensure satisfactory performance under all flight 
conditions. We have established a large high 
altitude laboratory in which a number of decompression 
chambers and other equipment have been installed to 
ensure adequate development and test backing for the 
equipment discussed in this paper. 

The layout of a typical altitude chamber is shown in 
Fig. 44. It is divided into two compartments by an 
internal bulkhead so that it is possible to simulate the 
pressures under which equipment will have to operate 
in pressurised flight conditions. Air at the desired 
supply pressure and temperature is ducted from large 
compressors and heaters through the ambient compart- 
ment of the chamber in which are mounted those items 
of pressure and temperature control equipment which 
are usually installed in the unpressurised regions of the 
aircraft. From these it is ducted through the bulkhead 
into the cabin compartment where, after passing through 
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Ficure 44. A typical decompression chamber for testing air 
conditioning and pressurisation equipment. 


the additional equipment normally mounted within the 
aircraft pressure cabin, it is allowed to escape freely into 
the cabin space. From there it is discharged into the 
ambient compartment in a controlled manner. The 
ambient compartment can be evacuated by large two- 
stage exhausters to simulate any desired aircraft altitude 
up to 100,000 ft. Figure 45 shows a section of the power 
house associated with the high altitude laboratory. 

With the above arrangements it is possible for 
development personnel to carry out full scale flight 
programmes in which any desired operational conditions 
between take-off and landing can be simulated. A 
major advantage of this type of controlled laboratory 
flight programme is that, by the use of external controls 
and instrumentation, it is possible to investigate and 
assess the effects of any emergency or failure conditions 
which can be conceived for the aircraft installation, 
without the attendant risks to personnel and equipment 
which would occur in an actual aircraft flight develop- 
ment programme. 

One of the most difficult questions confronting the 
engineer engaged on automatic control systems is that of 
investigating stability. By carrying out extensive pre- 
flight testing under laboratory controlled conditions this 
problem can be far more readily tackled than in the air, 
particularly as it is possible when required to re-arrange 
the instrumentation quickly in a manner which is 
entirely impractical in an aircraft. By this means a 
considerable amount of time and money can be saved. 

The high speeds of modern aircraft are creating a 
completely new set of problems for the cabin condition- 
ing engineer. At speeds above Mach number of 1, 
the effect of aerodynamic heating becomes of major 
consequence, and, in order that this can be investigated 
thoroughly, a large fully lagged altitude chamber is 
required. The fuselages of aircraft can be mounted in 
this and heated to the desired skin temperature by 
means of batteries of radiant lamps. The refrigeration, 
temperature control and pressurising equipment installed 
in the specimen can then be tested, and an adequate 
practical assessment for the heat balance and environ- 


mental control within the pressurised compartments can 
be made. Figure 46 illustrates the high temperature 
decompression chamber that is being provided to meet 
this case. 

The development of such items as cold air units cap 
best be carried out in cells rather similar in design to 
those used in engine bench-tests. For this purpose it js 
necessary, not only to control the temperature and 
pressure of the input air, but also to control the humidity 
to within very close limits so that the efficiency of the 
cold air units can be assessed accurately. To meet this 
requirement the compressed air has to be passed over 
large refrigerator coils so that the moisture can be 
extracted before it is heated to the desired temperature 
conditions and finally ducted to the unit under test. The 
development of vapour cycle compressors is also carried 
out in tests cells in which closed refrigeration circuits are 
installed; the valves, heat exchangers, and so on. 

In order to investigate the strength of rotating com. 
ponents in cold air units and centrifugal vapour cycle 
compressors it is necessary that they should be rotated 
at speeds considerably in excess of those at which they 
usually operate. This work is carried out in “whirl 
rigs”; the component being driven by means of a high- 
speed motor and mounted within a highly evacuated 
chamber in order to reduce the power consumed to a 
minimum. Even so, under some circumstances, it is 
necessary for the pressure chamber to be temperature 
controlled by means of a refrigeration system due to the 
considerable amount of heat that is generated. 

Investigations have to be made into the corrosion and 


Ficure 45. A section of a power house of a typical high altitude 
laboratory. 
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FiGcure 46. High temperature decompression chamber. 


fungus growth resistance of the materials used in the 
various components of a cabin controlled system. This 
is done by testing components in refrigerated cabinets, 
heating ovens, and in humidity and salt spray cabinets 
to the requirements laid down in specification D.T.D. 
1085B and similar documents. 

Vibration tables are also used extensively to investi- 
gate the behaviour of units under the most arduous 
vibration conditions found in flight, and a large rotating- 
arm “g rig” is used to ensure that the equipment will 
continue to operate satisfactorily under the highest “g” 
loads to which it will be subjected in modern high 
performance aircraft. 

A very important problem when considering the 
operational life of equipment mounted within the cabin 
of an aircraft is that of contamination by dust, oil 
vapour and—in the case of civil machines—tobacco 
smoke, any of which can readily upset the performance 
of control equipment. Considerable laboratory investi- 
gations have to be carried out to ensure either the 
elimination of, or adequate protection against, such 
contaminating agents. To assist in the development of 
adequate filters a Methylene Blue Particulate Test Rig 
is used, as being one of the most practical means of 
assessing the relative effectiveness of filter elements. 

The testing of oxygen breathing equipment entails 
Many specialist problems and a separate Oxygen 
Laboratory is used to meet these requirements. Bench 
Migs are necessary to enable the setting and development 
of oxygen demand regulators, and so on, to be carried 


out and, in addition, a special altitude chamber with 
relatively large observation ports is installed to enable 
user tests to be carried out on personnel so that the 
comfort and effectiveness of the equipment can be 
established. One of the prime difficulties in the develop- 
ment of liquid oxygen converters is the establishment of 
a sufficiently high vacuum to ensure a minimum of heat 
transfer between the inner and outer container. The 
problems associated with this, including the outgassing 
of the materials involved, requires considerable investi- 
gation and a great deai of refined evacuating and leak 
test equipment has to be installed and developed for 
this work. 


Conclusions 


1. The paper has shown the many aspects involved 
in aircraft conditioning and, it is considered, has fully 
justified the statement that the problems are so inter- 
related as to necessitate their consideration as one 
overall system if weight, simplicity, and efficiency are to 
receive correct emphasis. 

2. In particular the integration of cabin pressurisa- 
tion, flow control and temperature control must be 
achieved if a stable system is to result. 

3. Methods of pressurisation should be reviewed 
firstly to ensure a minimum of horse power loss is 
incurred under take-off conditions and secondly to 
provide adequate ventilation for passenger aircraft. 

4. The introduction of high altitude passenger 


‘AIR CONDITIONING IN AIRCRAFT 
can | | 
The 3 rs 7 Vi LY Vi 
om- \\ Y 
ated 
hirl | 
igh- | 
ated \ 
Oa | 
ture 
the | 
and 
a 
} 
~ 


JOURNAL OF THE ROYAL AERONAUTICAL SOCIETY 


NOVEMBER: 


1957 


aircraft has raised the question of the provision of 
oxygen breathing for all passengers. The position needs 
clarification. 

5. It is suggested that the many new factors involved 
in civil aircraft air conditioning justify a redrafting of 
the requirements—at least in so far as they can serve as 
a guide to design control. 

6. The weight aspect suggests that more attention 
should be given to the use of 

(a) engine air bieed, and 

(b) the use of high voltage, 400 cycle, a.c. power, for 

driving auxiliaries. 

7. The use of vapour cycle compressors for the 
control of ground humidity and for cooling passenger 
aircraft has become an accepted fact. 

8. The use of vapour cycle cooling makes it neces- 
sary to reconsider the case of the auxiliary power unit 
and the analysis shows that an airborne A.P.U. can 
justify its weight, by making it possible to use air turbine 
starting and thus save almost its equivalent weight, 
while making the aircraft completely independent of 
ground truck facilities and at the same time providing 
adequate control of cabin temperature and humidity, 
both during loading and during taxying. 
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APPENDIX I 
AIR CONDITIONING EQUIPMENT REQUIREMENTS 


Components should be made to operate within the 
existing regulations of A.P.970 regarding 


(a) Maximum temperature. 
(b) Vibration requirements (vib. 13, etc.). 
(c) Humidity and general climatic conditions. 


Generally the American standards should be borne in 
mind, if aircraft are designed for the world market. 


1, TEMPERATURE CONDITIONS 

(a) Maximum cabin inlet air temperature should be 
212°F. (100°C). 

(b) Passengers and crew temperature should not be 
below 60°F (15°C) at ambient temperatures of 
—65°F (—54°C). 

(c) Air instruments to be kept above 40°F (4°C). 

(d) Batteries to be kept between 40°F and 110°F 
(4°C and 43°C). 

(e) Temperature variation in cabin, both vertically 
and longitudinally should not exceed 5°F. 

(f) Cabin temperature should be adjustable between 
60°F and 80°F (15°C and 26°C) but should not 
vary once set by more than +2}°F. 

(g) The cold air discharge temperature shall be con- 
trolled to prevent frosting of the ducting or 
freezing of water separators. 
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FiGure 47. Comfort zones. 


(h) An effective temperature, between 63°F and 75°F 
(17°C and 24°C) shall be maintained, thus giving 
a range of dry bulb temperature relative to humidi- 
ties which should be between 30° and 70° (see 
Fig. 47 for comfort zones). 

The heating and cooling system should be adequate 
for all altitudes from sea level to the maximum 
cruise altitude of the aircraft, and should include 
the cooling load of heat compression to maintain 
cabin pressure, the heat generated by the passengers 
and the humidity reduction. 
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AIR FLOW AND VENTILATION REQUIREMENTS 

(a) A normal fresh air flow of 1 Ib./min./ passenger is 
required for cabin capacities which give 40 to 60 
cu. ft./ person. 

(b) Additional recirculation air flow 1. Ib./min. is 
required for adequate temperature distribution, 
with purification by filter or air washers. 

(c) In hot weather, and with unpressurised aircraft 
having no cooling, a flow of fresh air of at least 
3 lb./min./ person is required at sea level. 

(d) Air velocities over people should not exceed 75 
ft./min. during heating periods and 200 ft./min. 
when cooling; except from punka louvres where 
velocities of 600 to 700 ft./min. are required with- 
out excessive noise. 

(e) Air inlets to cabins should be clear of possible 
sources of contamination such as oil, hydraulic. 
de-icing and anti-freeze fluids, and CO,. The maxi- 
mum allowance of the latter is 0-005 of one per cent. 

(f) Air supply to each crew member should be 
separately controlled, and must be fresh and not 
recirculated, and any temperature control applied 
to it must be separate from that applied to cabin ait. 

(g) Air from pantries or toilets must be discharged 
overboard and not recirculated. 

(h) Air supplies should be from two or more sources 00 
multi-engined aircraft. 
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3, GROUND COOLING REQUIREMENTS 


Ground cooling of an aircraft should be available with- 
jut starting the main engines. The reduction of the 
cabin temperature to a desired level should be possible 
in 30 minutes from that prevailing under maximum 
outside ambient conditions, before loading passengers. 


4, PRESSURE REQUIREMENTS 

(a) Under normal operating conditions the cabin 
altitude of a civil aircraft should not exceed 8,000 
ft. Some medical authorities would prefer a maxi- 
mum altitude of 5,000 ft. as being more satisfactory 
for elderly persons and those in poor health. 

(b) The maximum rate of cabin pressure change to 
which civil passengers are subjected should not 
exceed 300 ft./min. under normal daytime con- 
ditions, or 150 ft./min. at night when passengers 
are asleep. Consideration must be given in the 
design of the control equipment to prevent 
momentary surging of cabin pressure; even though 
this may be small in value, it can prove very 
unpleasant to passengers. 

(c) So far as possible the control of cabin pressure 
should be automatic and require the minimum 
attention of crew members. 


(d) Consideration must be given to the design and 
location of control valves and static points, to 
prevent ice formation under arctic and _ high 
altitude conditions. 

(e) Consideration should be given to the design and 
location of outlet valves from the cabin so as to 
prevent the entry of water in the event of the 
aircraft * ditching ” in the sea. 


5. HUMIDITY REQUIREMENTS 

In civil aircraft provision should be made for the 
inclusion of some form of humidity control to add 
moisture under high altitude conditions. In both civil 
and military machines there is a need to extract moisture 
to prevent fogging under high humidity low altitude 
conditions. 


6. OXYGEN REQUIREMENTS 

In the case of oxygen equipment fitted to civil machines 
expendable masks should be used for hygienic reasons, 
and every care must be taken to ensure that the equipment 
worn by passengers and crew is light and comfortable and 
does not impede free breathing or impair vision. 


USER REQUIREMENTS 


This section is of particular importance in that it is 
the first time that the requirements of a major user have 
been published. It should be noted that the widest accept- 
able tolerances are given in these recommendations, so as 
{0 permit maximum design simplification. British Civil 
Airworthiness Requirements have not been altered or 
Superseded in any way. 


PRESSURISATION—GENERAL RECOMMENDATIONS 


It should be possible to maintain the whole of the 
Passenger, crew, baggage and cargo compartments at an 
altitude of not more than 6,000 ft. at the maximum 
cruising altitude of the aircraft. Cabin altitude and rate 
of climb should be controlled automatically and in addition 
an independent manual control should be provided. This 
control should have reasonably linear characteristics. 
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In addition to the normal instruments required to 
measure pressurisation parameters, a warning light should 
be fitted to indicate when the cabin altitude exceeds 
6,000 ft. 


LIMITS OF CONTROL 


Cabin pressure should be maintained in level flight 
within +0-15 p.s.i. 

The pressurisation system should be supplemented by 
a safety valve set to control the maximum differential 
pressure at +0-5 p.s.i., with a tolerance of +0 to —0-2 
p.s.i. 

The inwards relief valve should limit the negative 
differential pressure up to but not exceeding 0-5 p.s.i. in 
all operating conditions. 

In normal operating conditions when pressurised, cabin 
rates of descent should not exceed 0-15 p.s.i./min. and 
rates of climb, 0-35 p.s.i./min. 

It should be possible to de-pressurise and pressurise 
automatically at 1,000 ft. above airport altitude. The 
calibration of the selector should be 0 ft. to 10,000 ft. in 
500 ft. increments. A local barometric pressure change 
correction should be incorporated. The presentation of 
this is (a) to be similar to that provided for aircraft 
altimeters and (4) calibrated in millibars from 920 millibars 
to 1,050 millibars. 

During normal operation no transient increases or 
decreases of pressure should occur in excess of that laid 
down by the particular operator. Variation of cabin 
pressure between limits should not exceed a frequency of 
3 cycles per minute. 

The leak rate of the fuselage with all permanent bleeds 
open should not exceed 25 per cent of the normal mass 
flow input at all pressures up to the maximum differential 
pressure. 

The system in the heated areas of the aircraft should 
Operate within tolerances in the temperature range of 
— 30°C to +60°C and components working outside the 
heated area from I.C.A.N. arctic minimum to +70°C. 

Calibration of the pressurisation system should not be 
affected by a sudden increase or decrease of pressure when 
controlling manually or during a ground pressure test. 


EMERGENCY CONDITIONS 

Reduction of mass flow to the fuselage through any 
One engine or component failure should not affect the 
pressurisation control or control tolerances. 

Takeover of the second discharge valve after the failure 
of the first discharge valve in the open position, or failure 
of the first discharge valve in the shut position when flying 
pressurised up to maximum differential pressure, should 
not cause an increase in pressure exceeding one p.S.i. 

The safety valve should be so designed that in the 
event of a single failure in the open position there is 
sufficient restriction to maintain a cabin altitude of not 
more than 18,000 ft. with full mass flow from the engines 
at maximum aircraft altitude. 

Means should be provided to prevent ingress of water 
via the air conditioning and pressurisation systems into 
the fuselage during and after ditching. Ditching controls 
should be readily accessible. 


AIR CONDITIONING—GENERAL RECOMMENDATIONS 

The air conditioning system should provide the follow- 
ing conditions in the aircraft under I.C.A.N. tropical 
maximum and arctic minimum conditions. 
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Control of temperature and humidity should be fully 
automatic during flight and ground taxying, with manual 
over-ride for the engineer officer or other members of the 
flight crew when no engineer officer is carried. 


AIR DISTRIBUTION 

Conditioned air should enter passenger compartments, 
flight deck, toilets, and so on, at roof or luggage rack level 
and be extracted at floor level. 

At least 1-2 lb./min. of fresh air should be provided 
per passenger and flight crew at all altitudes up to the 
maximum operating altitude. This quantity of air per 
person should be based on the amount of air entering 
each compartment and the number of people occupying 
that compartment, e.g. a bunk compartment should be 
supplied with 1-2 lb./min. of fresh air (the air from the 
cold air outlet in this compartment is not to be considered 
as part of this flow). 

During taxying the fresh air flow rates should be not 
less than 0-5 

The velocity of air at any point within the passenger 
and crew compartments should not exceed 40 ft./min., 
except when the cold air outlets are being used, and in 
positions not normally occupied by passengers. 

Individual cold air outlets are desirable to supply cold 
air to each seated passenger, bunk compartment (if fitted) 
and crew member, the air velocity from these outlets 
should not be less than 300 ft./min. at the passengers’ 
head position over an area of one square foot, with all the 
outlets open. The quantity and velocity of air at each 
outlet should be infinitely adjustable from zero to maxi- 
mum and should also be controllable in direction. The 
cold air should be available during flight and ground 
taxying. The noise level from the cold air outlets should 
be within acceptable limits. 

The air from the toilets, galley and freight holds is 
not to be recirculated. The air pressures in these com- 
partments should be less than the passenger and crew 
compartments so as to prevent undesirable odours and 
fire extinguishing fumes (in an emergency) reaching 
passengers and crew. 

The fresh air supply must be entirely uncontaminated. 


Air extraction points are required in the toilet and 
urinal bowls and at positions adjacent to galley heating 
and cooking equipment. 

Where ventilation of baggage and cargo compartments 
is provided, the rate of air change should be not less than 
once every four minutes. For fire protection purposes it 
should be possible to shut off the supply of air to these 
holds. 


TEMPERATURE REQUIREMENTS 

In all conditions of flight, and when taxying in 
temperate and arctic conditions, it should be possible to 
control automatically (with manual over-ride) the tempera- 
ture in the passenger and crew compartments to any 
selected temperature between 60°F and 80°F., and when 
taxying in tropical maximum conditions down to 10°F 
below ambient temperature. Tolerance on selection shall 
not exceed +1-5°F with a controlling differential of 
+1-5°F. The selector should be calibrated from 65°F to 
100°F marked at each degree F. 


The maximum rate of temperature change should not 


exceed 5°F per minute after a change in selection or 
altitude of the aircraft. 


Means should be provided to control automatically 
(with manual over-ride) the flight deck temperature 
separately from that of the passenger compartment. |, 
should be possible to obtain flight deck temperatures within 
the range 10°F above or 10°F below passenger compart. 
ment temperature. 

Variation of the fore and aft bulb temperature in the 
centre of the passenger and crew compartments should not 
exceed 2°F. Athwartship variation of temperature should 
not exceed 4°F between any two points. This temperature 
distribution should be obtained with 50 per cent and 
100 per cent passenger load evenly distributed and with 
any of the agreed configurations. The effect of the cold 
air outlets on the foregoing may be ignored. 

“When bunks are fitted the temperatures within these 
compartments are to be maintained to the same tolerances 
as the main passenger compartment, except that the mean 
temperature should be 10°F less than the mean temperature 
of the passenger compartment. 


Wall, floor and roof temperatures should be sub- 
stantially the same as the cabin air temperatures. 


Means should be provided to counter cold air con- 
vection from the cabin windows and window frames on 
to the passengers’ arms. 

The temperature of air from the individual cold air 
outlets should be not more than the passenger compart: 
ment temperature and not lower than 10°F below that 
temperature. 

Temperatures in the freight hold should be maintained 
within the same upper and lower limits as the passenger 
compartment although the controlling differential may be 
+8°F. 


HUMIDIFICATION 

Humidification should be provided to maintain the 
cabin and the freight hold humidity at a mean of 30 per 
cent RH. Humidity should be controlled automatically 
with manual over-ride. This is to be pre-set at 30 per cent 
RH and the controlling differential should not exceed 
+5 per cent RH in the passenger and crew compartments 
and +10 per cent RH in the freight holds. 

During ground taxying the humidity in the aircraft 
may rise to not more than 70 per cent RH, or fall to not 
lower than 20 per cent RH for a period not exceeding half 
an hour during normal flight conditions. 


GROUND CONDITIONING (ENGINES STOPPED) 

It should be possible to condition the passenger, crew 
and freight compartments by means of an external supply 
of conditioned air. The connector on the aircraft to be 
an 8-inch standard to SDM.180 positioned so that it may 
be disconnected after the engines have been started. 


DE-MISTING 

All pilot’s windscreens and windows are to be de-misted 
with a sufficient quantity of heat to prevent external and 
internal misting in normal operating conditions and also 
during descent and taxying. In the interest of control 
simplification only one method of heating all the windows 
is preferable. 

Passenger windows are to be effectively de-misted. 
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CONDENSATION 

The formation of condensation is to be prevented by 
thermal insulation and/or heating. Where this is not 
possible or only partially effective, suitable screens or 
absorbent materials are to be fitted to prevent the 
condensation dripping on to passengers, crew, structure 
and essential equipment. 


SERVICING 
The overhaul period of all components should not be 
less than 3,000 hours and the shelf life not less than two 


vears. A longer overhaul period may be required for 
some of the components. This shall be the subject of 
negotiation. 

Target times for the removal of components and 
equipment should be to the operator’s maintenance 
requirements. 


Means should be provided for the application of a 
false static pressure to the pressurisation system to enable 
the pressure control system to be tested at low aircraft 
differential pressures. These differential pressures are not 
to exceed 3 p.s.i. 

Means should be provided for ground pressure testing 
of the fuselage and also leak testing of the wing ducting. 
The connection on the fuselage to be 3 in. diameter and 
the connection on the ducting to be a 7 in. unified thread 
connection to SDM.200. 

The fuselage ground pressure test temperature limitation 
should not be lower than 70°C. 


APPENDIX Il 
SAMPLE CALCULATIONS FOR LOO-SEATER AIRCRAFT 


PROBLEM STATEMENT 
Jet engined aircraft 200,000 Ib. A.U.W. 
530 m.p.h. T.A.S. Altitude 35,000 ft. 
Cabin length 110 ft., diameter I! ft. 
Passengers 100, crew 6. 
Cabin volume 8,800 cu. ft. 
External cabin surface area 3,163 sq. ft. 
Extra cargo space surface area 632 sq. ft. 
Rear bulkhead 95 sq. ft. 
Windows, cockpit, 20 sq. ft. 
Forty passenger windows 40 sq. ft. 
Skin conductivities, B.T.U.’s/hr./sq.ft. / 
for constructional details) : 
Cabin wall 0-2 
Cargo skin 0-4 
Rear bulkhead 0-4 
Passenger windows 0:47 
Cockpit windows 1-2 


F (see Fig. 48 


B.T.U.’s heat transfer for a temperature difference of 10°F: 


Cabin skin 6,326 
Cargo skin 2,528 
Rear bulkhead 380 
Cockpit windows 240 
Cabin windows 188 


Total, 9,662 say 10,000 


In addition there is the solar radiation through the 
windows and the effect of solar radiation on the external 
cabin surface temperature. At very high altitude the 
solar radiation is approximately 500 B.T.U.’s/sq. ft./hr., 
at sea level the atmospheric absorption is about 29 per 
cent, giving a value of 355 B.T.U.’s. The maximum window 
area facing the sun at any instant would be about 25 sq. ft., 
giving a possible heat load of about 9,000 B.T.U.’s/hr. on 
the ground, or 12,000 B.T.U.’s/hr. in cruising flight. 


The effect of solar radiation on the skin surface tem- 
perature when the aircraft is on the ground can almost be 
eliminated by the use of special paints. With a dull black 
surface the outer surface temperature in regions normal 
to the sun’s rays on the ground would reach around 180°F 
in an ambient air temperature of 100°F. Certain white 
paints will reflect about 80 per cent of the sun’s rays while 
at the same time having an emissivity figure of 0-9 for low 
temperature radiation. A surface painted in this manner 
would keep well below the ambient air temperature if it 
were not for radiation from the ground, which it would 
absorb. Thus for aircraft with light painted fuselages it is 
best to ignore the effect of solar radiation on the surface 
temperature and to treat the problem as if the surface 
were at uniform temperature equal to the ambient air 
temperature. 

The total heat given out by the passengery and crew 1s 
taken as 400 B.T.U.’s/hr. per person. Thus the human 
heat load could vary from 2,400 B.T.U.’s/hr. in flight 
with no passengers to 42,400 with a full load. 


For heating, the worst condition is flight in dull weather 
with no passengers in a temperature of —85°F ambient. 
The cruising speed of the aircraft corresponds to a kinetic 
temperature rise of 50°F or an apparent rise in the 
ambient of 43°F, bringing the ambient temperature to 

42°F. For a cabin temperature of +65°F the tempera- 


SKIN BT.U./HR./Ft? 
FIBREGLASS 
VINYL CLOTH 
HOT AIR 

FIBREGLASS 
TRIM CLOTH 


CABIN WALL O-2 


SKIN 

FIBREGLASS 

AIR SPACE 
TRIM~ 


CARGO SKIN 0-4 


LUCITE 
WINDOWS 0-47 


1 AIR SPACE 
Ya’ LUCITE 


1's" FIBREGLASS REAR PRESSURE 


SKIN- BULKHEAD 0-4 
“4° CORK 
VINYL 
GLASS 


Ficure 48. Conditioning figures for various skin forms. 
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ture difference would be 107, requiring a heating load of A vapour cycle refrigerator produces cooling at 4 
103,600 B.T.U.’s/hr. for no _ passengers or 63,600 sensibly constant rate, because the compressor circulates 
B.T.U.’s/hr. for a full passenger load. With this aircraft a fairly constant mass flow of refrigerant and this evapor. 
the pressure ratio of the cabin compressors would not be ates at constant temperature in the evaporator, which is the 
less than about 3:5:1. At a normal efficiency of 0-7 this unit that really does the refrigeration. Thus it is correct to 
would give a delivery temperature of 227°F. If completely describe the machine as, say, a 12-ton, meaning that jt 
uncooled then 100 lb./air/min. at this temperature would will normally produce 12 tons or 2,400 B.T.U.'s/ min, of 
give a heat input of 234,000 B.T.U.’s/hr. to the cabin, refrigeration. 
more than double the required amount under the coldest In the case of an air cycle machine, such as a bootstrap 
possible cruising conditions. or fan turbine, the performance varies so widely that it js 
Thus even under the coldest cruising flight conditions misleading to quote the tonnage unless the conditions are 
the cabin air supply must be partially cooled by the air specified. For example, a turbine passing 100 Ib./min 
turbines and the ram air heat exchangers. They are never with a temperature drop of 50°C is extracting heat at the 
completely bypassed. rate of 1,200 C.H.U.’s/min. or 10°8 tons. But if the air 
When standing on the ground without the engines run- temperature at the turbine inlet is 100°C, then the outlet 
ning the cabin requires cooling by a vapour cycle system. will be at 50°C, which is of no practical use for cooling a 
Some air must be fed into the cabin for ventilation but cabin, and the effective refrigeration is consequently nil. 
this should be kept to a minimum since it adds to the Supposing, however, the pressure ratio across the 
cooling load. turbine is increased so that the temperature drop becomes 
Example: Ambient air 100°F dry bulb, 82°5°F wet 100°, then the outlet falls to 0°C, which can be used to | = 
bulb, 48 per cent RH. cool a cabin at 25°C, and the refrigeration will then be ul 
141 grains/Ib. 100 x (20° —0°) x 0:24—600 C.H.U.’s/min. or 5-4 tons. d 
Effective temperature Now, if the cabin temperature is allowed to rise to 30 C | 
—W.B. + (1-435—0135 W.B.) (D.B.—W.B.) with no other change in the conditions, the refrigeration FA 
_ 881° F. rises to 100 x (30° —0°) x 0:24—720 C.H.U.’s/min. or 
6°5 tons. It is essential, therefore, when defining refrigera- 
When passengers are entering an aircraft the effective tion capacity as “tonnage,” that the permitted heat level | ¥ 
temperature should not be more than 10°F below that of of the cabin to be cooled should be stated. 3 
the ambient air to avoid shock but once they are all : re} 
aboard the cooling system should be capable of pulling the th some wal refrigeration by 
: eir mass flow only, it being understood that this refers 
temperature down to a more comfortable temperature of, 
say, 73-5°F, effective within a few minutes. This effective : inlet tem- 
perature, and pressure ratio which commonly occur in 
temperature could be given by the following conditions: : 
practice. Thus we have turbines rated at 10 Ib./min. 
Cabin dry bulb 80°F, wet bulb 65-5°F; 46 per cent RH.; 
71-3 grains/Ib. The heat loads for steady temperature pened Socata -/min., and so on, and for any specified 
& , conditions the manufacturer can quote the actual mass 
conditions would be: flow and outlet temperature obtained, and hence the 
Heat transfer through skin, refrigeration tonnage delivered to the cooled compartments. 
windows and bulkhead 20,000 B.T.U.’s/hr. 
Solar radiation through win- 
dows and canopy 9,000 ; 
Passenger heat load 42,400 APPENDIX IV 
71,400 Duct CHART 
Equivalent to 5-95 tons of refrigeration. The chart in Fig. 49 affords a rapid means of estimating 
To allow for a reasonable cooling down rate for the the pressure drop due to friction, in ducts of sizes normall) 
aircraft the capacity of the refrigeration system should found in aircraft. Although the air supply is generally 
be not less than 10-12 tons. quoted in pounds per minute, it is more convenient, for 
duct design, to work in volumetric flows (cubic feet per 
minute), and the chart therefore shows the pressure-drop 
in inches water-gauge against cubic feet per minute. num 
APPENDIX III A constant friction coefficient of 0-006 is used and is | high 
SoME NOTES ON REFRIGERATION TONNAGE found reasonable in practice. More accurately, it varies | 18 on 
inversely with Reynolds number (Re), and for smooth 
Before the advent of mechanical refrigeration, cooling circular ducts may be represented by DERI 
was obtained by the use of ice. A short ton of ice melting T 
into water absorbs 288,000 B.T.U.’s, and if this is spread C.- 0-014( Re 0:25 walls 
over 24 hours, the rate of heat flow is 200 B.T.U.’s/min., . 1,000 
which is a very convenient figure to remember. When the 
first refrigerators came on the market, it was natural to If this formula is inserted in the pressure drop equation 
describe them as having the same effect as so many tons given later, it is no longer possible to obtain the pressure 
of ice, so that a machine which would refrigerate at the drop from a single chart, and recourse must be made to the wh 
rate of 2,400 B.T.U.’s/min. is described as a 12-ton unit. slide-rule or a series of charts; but practical limitations 0! 
Thus, a ton of refrigeration simply means a cooling effect duct manufacture will legislate against such precision. The 
of 200 B.T.U.’s/min. or 111 C.H.U.’s/min. value of 0-006 used in the chart corresponds to a Reynold 
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PRESSURE DROP IN DUCTS. 
CF = -006 
t to ‘= AN 
6,000 
i = PRESSURE DROP PER FOOT AN xX 
RUN INS. WATER GAUGE. 
rap 4,000 =RELATIVE DENSITY. \ B 4 B 
or | Ni | | 4 | 
— + 
| T T O 
evel | \ LX 4 Ne \ pre \ 
the a \ \ 40 
20 \ \ \ \ 
\ | \ \ 
N- & N 
ling 10 ite) 
0-001 0-01 1-0 
PRESSURE DROP ‘/o__INS.WG. PER FOOT RUN. 
or 
per FiGureE 49. Pressure drop characteristics of aircraft ducting. 
lrop 
. number of about 30,000, and will generally give a slightly For circular ducts, this reduces to 
dis higher pressure drop than the more exact method, so that it > 5 
ries | ison the safe side. Ap=K. CyoQ?*L/d 
roth where L length of duct 
DERIVATION 
amet st: 
The pressure drop caused by friction of the air on the Ee ae ae 
walls of the duct may be expressed as which may be written 
pom Friction drag i/o =K.C, Q?/d5 
tion Cross-section area of duct where i—Ap/L 
ure- = ¢ pV?S/A 
the Where C,—friction coefficient The chart represents graphically the solution of this 
sol : ; equation. For non-circular ducts, it is necessary to use the 
The p=air density S=wetted area 
: pear hydraulic diameter d,, instead of d, where 
olds V=velocity A =cross-sectional area 


in consistent units d,,—4A/perimeter of cross section. 


Buckling at High Temperature’ 


by 


N. J. HOPF, Diping., Ph.D., FLAS, 


(Formerly Head of the Department of Aeronautical Engineering and Applied 
Mechanics, Polytechnic Institute of Brooklyn. Now Head of the Division of 
Aeronautical Engineering and Applied Mechanics, Stanford University, California) 


SUMMARY: High temperatures affect buckling because the properties of the materials change 

and because thermal stresses and creep develop. A survey is given of the known solutions of 

problems arising in consequence of these phenomena and new theories of the creep buckling 
of columns and of thin circular cylindrical shells are presented. 


1. Introduction da* 
Although all the aero-thermodynamic effects accom- 


panying supersonic and hypersonic flight are far from ~~ 
being completely understood, it has been well estab- ae 
lished that a good deal of heat is transmitted from the a. 
boundary layer to the structural parts of aeroplanes and ay 

missiles exposed to very high speed air flow. Aero- 

dynamic and thermodynamic problems will not be 
discussed here as the paper is restricted to the a, 

mechanical problems of buckling. The temperature 
enters into the analysis only in so far as it affects the a 
mechanical properties of the structural materials and ve 
changes the state of stress and strain in the elements of b 
the structure. h,, 

The problems to be treated naturally fall into three 
categories. The first category comprises the problems B 
accompanying a comparatively small uniform rise in the a 
temperature; the second contains the effects of large : 
variations in temperature and thermal expansion in the C 
structural element at any fixed time; and the third D 
involves the time effects of creep. Naturally the three ar 
effects can combine in an actual problem but for a _ 
fundamental understanding of their nature it is prefer- E.. 
able to treat them separately. 

NOTATION 

a_ radius of elastic shell h 
a flattening amplitude of shell subject to h 
creep hy, 

a non-dimensional amplitude of lateral 
deflection of column, h. 
*This paper was prepared under research contract AF 18(600)- ' 
1381 sponsored at the Polytechnic Institute of Brooklyn by r 
the Air Force Office of Scientific Research, Air Research and i 
Development Command, of the U.S. Air Force. Parts of the k 

solutions described were worked out under research contracts 
sponsored by the General Electric Company, the National  * 
Advisory Committee for Aeronautics, and the Office of Naval K 
Research of the USS. Navy. The author is grateful to these K 
organisations for permission to report the results. This paper L 


was presented at the Symposium on Structural Problems of 
High-Speed Flight, held at Cranfield, 20th-23rd August 1956. m 
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increase in amplitude defined in 
equation (53) 

additional flattening amplitude of 
elastic shell 

corrected displacement rate 

critical value of 

coefficient in Fourier series represent- 
ing deflections of plate radial 
displacements of shell 

initial flattening amplitude of elastic 
shell 

empirical constant in creep formula 
cross-sectional area of one flange of 
column 

width of plate 

coefficient in Fourier series represent- 
ing axial displacements 

empirical constant in creep formula 
coefficient in Fourier series represent 
ing circumferential displacements 
multiplier 

bending rigidity of plate or wall of shell 
Young’s modulus of elasticity 
reduced modulus 

tangent modulus 

tangent modulus for flange on concave 
side © column. 

tang at modulus for flange on convex 
side «f column. 

wall thickness of plate or shell 
distance between flanges of column 
effective thickness of shell for bending 
of wall in circumferential direction 
effective thickness of shell for exten 
sional deformations 

moment of inertia of cross section of 
column or shell 

definite integral of equation (59) 
curvature of circumferential element of 
shell subject to creep 

empirical constants in creep law 
empirical constant in creep formula 
quantity defined in equation (9) 
length of column or shell 

number 
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+ 
ine 
|_| 


of 


BUCKLING AT HIGH TEMPERATURE en 


bending moment acting upon shell 
element of unit length 

bending moment 

bending moment and torque resultants 
in wall of shell 

number 

number 

coefficient in Fourier series represent- 
ing stress 

buckling load 

Euler load 

buckling load, =(Ey.a/E) Py 

quantity defined implicitly by equations 
(98) and (101) 

shear resultants in wall of shell 

radius of shell subject to creep 
multiplier 1/R 

curvature of column 

multiplier 

radial distance from axis of shell after 
deformations r—w 

number 

coeflicient in Fourier series repesenting 
stress 

time 

temperature 

geometric parameter defined in equa- 
tion (143) 

non-dimensional axial displacement 
axial displacement 

quantity defined in equation (24) 
circumferential displacement of shell 
subject to creep 

non-dimensional circumferential 
placement of elastic shell 
initial circumferential displacement of 
imperfect elastic shell 

circumferential displacement of elastic 
shell 

lateral deflection of plate 
non-dimensional radial 
of elastic shell 

radial displacement of shell subject to 
creep 

initial radial displacement of imperfect 
elastic shell 

radial displacement of elastic shell 
virtual work of bending 

virtual work of extension 

co-ordinate for plate 

non-dimensional axial co-ordinate for 
shell 

axial co-ordinate for shell 

co-ordinate for plate and shell 

lateral deflection of column 

initial lateral deflection of column 
coefficient of thermal expansion 

strain 

strain in flange on concave side of 
column 

strain in flange on convex side of 
column 

Euler strain defined in equation (50) 
circumferential normal strain 
curvature of axis of cylinder 

initial curvature of axis of cylinder 
empirical constant in creep formula 


dis- 


displacement 


30 


20 
MODULUS OF 
ELASTICITY, 
Psi x 


Moderately 


non-dimensional length of shell, =L/a 
empirical constant in creep laws of 
equations (40) and (60) 

Poisson’s ratio 

radius of gyration of cross section of 
column 

radius of curvature of circumferential 
element of shell 

initial radius of curvature of circum- 
ferential element of imperfect elastic 
shell 

stress 

compressive stress on concave side of 
column 

critical stress of column or plate 
constant defined in equation (6) 
nominal compressive stress in column 
critical stress of plate or sheil under 
uniform compression 

compressive stress on convex side of 
column 

axial stress in shell 

hoop compressive stress 

membrane shear stress in shell 
circumferential co-ordinate 

quantity defined in equation (135) 

(0° /Ox*) + Laplace’s operator 


Large Uniform’ Rise in 


Temperature 


At the present time the greatest interest of the 
aeroplane designer is directed towards the effects of a 
moderately large uniform rise in the temperature of 
structural elements. Such increases in temperature have 
been observed with aeroplanes already in production 
and naturally the man responsible for the structural 
safety of an aeroplane must worry about the effect of the 
temperature upon the failing load. Fortunately the 
problem is basically not a difficult one to solve. 

As the temperature rises, the value of the modulus of 
elasticity of the material decreases, at first slowly, and 
then rapidly. Fig. 1, taken from a paper by Dryden and 
Duberg“”, illustrates this phenomenon. The Mach num- 
ber indicated on the second scale of the abscissa refers 
to the speed of sustained flight in the stratosphere at 
which the steady-state temperature of the first scale 
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FicureE 1. Variation of elastic modulus with temperature. 
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FiGure 2. Buckling stress of 75S-T6 aluminium alloy columns 
at high temperatures. 


would be attained. As the critical stress of elastic in- 
stability is proportional to the modulus, Fig. | contains 
all the information necessary to predict elastic buckling 
if the particular materials are used in the temperature 
range shown, 

Of course, most compressed elements fail inelastic- 
ally rather than elastically even at room temperature. 
This is still more likely to happen at high temperatures 
because the elastic limit of the material decreases more 
rapidly with the temperature than the elastic modulus. 
To predict inelastic buckling, knowledge of the entire 
stress-strain curve is required. This implies that care- 
ful strain measurements will have to be made in the 
future in tension and compression tests in the entire 
temperature range of interest. This is not an easy task 
to perform because in addition to the vastness of the 
programme the elimination of time effects from the tests 
poses a problem. The shape of the stress-strain curve 
at high temperatures depends noticeably on the strain 
rate of the test. 

Nevertheless buckling stresses exceeding the limit of 
elasticity have been predicted successfully as shown in 
Fig. 2 which is reproduced from a N.A.C.A. report by 
Mathauser and Brooks”. 

At a recent A.G.A.R.D. meeting in London, 
Duberg™ stated that similarly satisfactory agreement 
has been obtained between theory and experiment con- 
cerning the buckling of thin plates. 


3. Thermal Buckling Caused by 
Non-Uniform Heating 


3.1 THERMAL STRESSES 


When a uniform structure is heated with the heating 
rate variable over the surface, or when a non-uniform 
structure is heated uniformly or non-uniformly, the 
temperature reached varies from point to point in the 
structure. As a rule the resulting natural thermal 
expansion of the various parts of the structure is 
geometrically incompatible; in other words, if the 
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structure were first cut up into small pieces, and the 
individual pieces were heated to their proper tempera. 
tures, the pieces could no more be fitted together. As 
a non-uniformly heated piece of metal does not immedj- 
ately fall apart, the compatibility of deformations must 
be re-established automatically by some physical 
phenomenon. This phenomenon is the development of 
internal stresses which cause additional deformations of 
a sufficient magnitude to preserve the continuity of the 
structure. These stresses are known as thermal stresses, 

Comparatively small temperature differences can 
give rise to large thermal stresses as is evident from the 
following example: If an initially straight bar of length 
L is supported in such a manner that its length cannot 
change, the thermal stresses must shorten the bar exactly 
as“ much as it elongates in consequence of the rise in 
temperature. Let the rise in temperature be denoted 
by T, the coefficient of thermal expansion by z, and the 
modulus of elasticity at the proper temperature by E. 
The natural elongation of the bar is zTL. If the com. 
pressive thermal stress is «, the elastic shortening of the 
bar is 7L/E. As the two quantities calculated must be 
equal under the conditions stated, the thermal stress 
must be 


For steel zE is about 200 Ib. in.~*°F~'; hence an 
increase in temperature of 100°F gives rise to a thermal 
stress of 20,000 p.s.i. 

If the bar is not very stocky it will buckle under a 
stress of 20,000 p.s.i. This indicates that small tempera- 
ture differences in thin structural elements may lead to 
buckling. 


3.2. BASIC PRINCIPLES OF THERMAL BUCKLING 

The theory of stability has been developed for the 
investigation of the safety or reliability of the elastic 
equilibrium of bodies subjected to given loads. As 
thermal stresses are not caused by external loads but 
are the consequences of thermal expansion, they are 
influenced by the deformations the body undergoes when 
it buckles. It is not obvious therefore that the accepted 
methods of stability analysis are directly applicable to 
the problem of thermal buckling. 

To clarify this problem, the author analysed in 
some detail the behaviour of a column when heated 
uniformly while its ends were kept a fixed distance 
apart. He found that first order small displacements 
caused second order small changes in the thermal 
stresses at the moment of buckling; for this reason the 
classical analysis based on prescribed, fixed loads gave 
satisfactory results. On the basis of this conclusion the 
problems of the thermal buckling of plates and shells 
may also be attacked by the accepted methods of 
analysis, although further studies of their reliability 
would be most desirable. 


3.3. THERMAL BUCKLING OF COVERPLATES OF WINGS 

In the past few years many studies have been made 
of the distribution of temperature and thermal stress in 
box beams. Nevertheless the exact evaluation of the 
temperatures still poses a difficult problem, particularly 
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if the effects of radiation and convection and the 
resistance of the joints to heat conduction are to be 
taken into account. When the temperatures are known, 
the stresses can be easily calculated if the box beam is 
long and is of uniform cross section. The evaluation 
of the effects of structural discontinuities will always 
give rise to difficulties although electronic computers will 
significantly cut down the time required for the 
numerical solution of the problem. 


The basic physical aspect of the problem is, of 
course, quite simple: The coverplates of the wing are 
exposed to the air flow and are heated by it while the 
interior elements, such as the shear webs, remain cold. 
The thermal expansion of the coverplates is partially 
restricted by the webs with the result that compressive 
stresses are produced in the coverplates and _ tensile 
stresses in the shear webs. Under the action of the 
compression the coverplates are likely to buckle; this 
conclusion is confirmed by the results of experiments. 
Fig. 3 shows a model of a box beam after it was heated 
in the 20 KW electromagnetic induction heater of the 
Polytechnic Institute of Brooklyn; the photograph is 
reproduced here from an earlier paper by the author. 


In a first approximation one may assume that the 
coverplate is a long thin plate simply-supported along 
its longitudinal edges and subjected to compression 
parallel to them. The differential equation of this 
problem was derived and solved by Bryan in 1891 for 
the case of uniform compression. Of course, the 
thermal stresses vary across the width of the plate; from 
the mathematical standpoint this means that the 
problem is governed by a linear partial differential 
equation with variable coefficients and not’ with 
constant coefficients as in the case solved by Bryan. The 
equation can be given as 


Viw= —(h/D) ow ,, (1) 


where /: is the thickness of the plate, w the deflection of 
the plate perpendicular to its own plane, subscripts 
following a comma indicate differentiation. The bending 
rigidity D of the plate is 


D=Eh* /(12(1-v*)] . (2) 


(From proceedings of Third General Assembly of A.G.A.R.D.) 

FIGURE 3. Model of box beam after heating by electromagnetic 
induction. 
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< 


FiGuRE 4. Plate subjected to thermal stresses. 
and the operator V" is defined as 


0° 2)? 4 


(3) 
The boundary conditions are: 
w=07?w/dx*=0 when x=0,b 
(4) 


w=d0'w/éy?=0 when y=0,b/n 


The wave length in the longitudinal direction is as yet 
unknown, it is designated by b/n where n is to be deter- 
mined later. The notation is shown in Fig. 4. 

The variable coefficient is, of course, the com- 
pressive stress «. In a recent paper the author 
represented it by a trigonometric series : 


o=(c,/ X Pmcos(mzx/b) . (5) 
m=0 
o (6) 


The solution of the problem was assumed in the form 


where 


w= sin (nzy/b) a, sin (kzx/b) (7) 


The expressions given for « and w were substituted 
in equation (1) and the condition of buckling was 
obtained as the requirement that the following infinite 
determinant vanish: 


2 (p, CK,)- Pi- Ps P2- Ps 
Pi- Ds 2(p.-CK.)- Ps  Pir-Ps 
P2- Ps Pi-Ds 2 CK;)- 
| 
| 
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where when —-2<p<1. Computed values of the coefficient 
K,=[(n* + s*)/n]’ C are plotted in Fig. 5. 
Equation (8) defines the critical value of C. When the stress distribution is more complex, several 
It is easy to prove that in the case of uniform of the values of Ps are different from zero in equation 
compression when (8). Asa rule, the critical value of C can be computed } 
py-1 pr=0 when k+0 best by first solving the quadratic or the cubic in C cor. 
responding to the first two or three appropriate 
the minimum buckling stress is obtained when n=1 and equations, and subsequently improving the solution, jf 
that C=1/4. Hence the critical stress under uniform necessary, by assuming the value last obtained as the 
Compression 1S approximate solution of the next higher order algebraic 4 
ocr (10) equation in C. It should also be noted that odd- 
with o, given by equations (6). This agrees with the numbered equations correspond to symmetric, and 
result obtained by Bryan. even-numbered ones to antisymmetric buckling. 
It is of greater interest to study the effect of 
deviations from uniformity in the stress distribution. 3.4. THIN CIRCULAR CYLINDRICAL SHELLS UNDER Hoop 
When a second harmonic of amplitude p is superim- ; COMPRESSION 
posed on a uniform stress of intensity 1, that is when Thin-walled shells, whose shape is exactly or 
approximately circular-cylindrical, often form the 
bodies of aeroplanes and missiles, as well as the major 
the infinite determinant can be transformed into a load-carrying elements of engines. When they are 
triangular one whose elements are infinite continuous heated non-uniformly, or when under uniform heating 
fractions. The buckling condition can be solved by their uniform expansion is prevented by cooler structural 6 
Step-by-step approximations. When the panel is square elements to which they are attached, thermal stresses 
(n= 1), in first approximation develop in cylindrical shells. No significant deforma- Fi 
F tions can take place when the temperature of the 
cylinder varies me in the radial but buckling 
Consequently in a first approximation the critical value is in principle possible when the temperature is a a 
of the average stress in the presence of a second function of the circumferential or of the axial ch 
harmonic is co-ordinate. co 
" =[2/@2- 4 When the temperature varies only in the circum. th 
ferential direction, the resulting thermal stresses are very W 
where ©, is given by equation (10). The accuracy of much like those that would be set up in a flat plate sn 
the first approximation can be checked by calculating C under a similar temperature variation in the direction of th 
in a second approximation. When the correction is the width. For this reason the danger of buckling is 
small, one may write definitely present although it is not quite so great as in Vi 
C.=C,(1+8) (1) the problem discussed in the preceding Section because ur 
c the curvature of the shell has a pronounced stabilising cy 
where effect. An investigation of this problem has just begun 
eae " at the Polytechnic Institute of Brooklyn. W 
The problem of thermal stresses and thermal buck- ur 
Substitution of numerical values shows that equation ling in a thin-walled circular cylindrical shell in which he 
(12) should be accurate enough for engineering purposes the temperature varies only in the axial direction was pl 
recently solved by the author™. As the conditions of nc 
. heating and support of the structural elements of y 
aircraft vary widely, it was impossible to obtain results 
that would apply to all possible conditions; it was { 
6 decided therefore to select arbitrarily a practical 
Wa arrangement in which the thermal stresses are ver) ‘ 
high. 
In the problem that was analysed a thin shell of | 
fe 4 radius a, wall thickness h and length L was simply- Ww 
supported along the perimeter of its two end sections § a 
aa located at x*=+(L/2). Fig. 6 shows that the axial. Li 
circumferential and radial displacements are denoted by ff be 
e u*,v* and w*; if their values are divided by the radius 
a, the non-dimensional quantities obtained are designa- 
ted as u,v and w. Similarly a non-dimensional length 
parameter \=L/a is introduced. The simple-supports 
-05 0 05 prevent all radial and circumferential displacements of 
p the points on the median line of the wall of the shell in 
(From the Journal of the Aeronautical Sciences) the end sections but they do not oppose changes in slope 
Ficure 5. Variation of C with p. nor axial displacements. wh 
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Figure 6. Notation and sign convention for cylindrical shell. 


If the temperature of the shell is raised uniformly to 
a value T above the initial temperature, and if this 
change in temperature in no way affects the end 
conditions, the thermal stress in the shell is 2&7 over 
the supports. This compressive hoop stress decreases 
with distance from the supports and becomes negligibly 
small in the middle of the cylinder (half-way between 
the supports) when the cylinder is not very short. 

It can be seen therefore that the hoop compression 
varies in the axial direction. The purpose of the study 
undertaken was to establish buckling criteria for 
cylinders under such conditions. 

The differential equations underlying the analysis 
were the ones first proposed by Donnell. Investigations 
undertaken by Batdorf''’, Kempner” and the author”? 
have proved them to be accurate enough for the present 
purpose. The equations can be written in the following 
non-dimensional form: 


Vw + /E) 0 (15) 


V‘v=(2 +») (0°w/ 07x09) +(0*w/dg?) . (17) 
where 


with «,, the hoop compression, » Poisson’s ratio, a the 
mean radius and A the shell thickness. Moreover V° is 
Laplace’s operator defined implicitly in equation (3). 
The boundary conditions discussed earlier can be given 
mathematically in the form 


w=0 


/0x*)+ v (0?w/0¢7)=0 (9) 
(Ou/O0x)+ (0v/ - 
When x=0, (L/a) 
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Finally, the thermally induced hoop stresses, which 
are the cause of buckling, are represented by the infinite 
series 


oe =RE Sin COS (20) 


where A=L/a . 


R is a multiplying factor (a number), and a positive 
stress «,, is a compressive hoop stress. The solution 
was assumed in the form 


w=cosn> X a,, sin (mzx/A) 


m=1 


u=cosnd b,, cos(mzx/r) . 
1 


m= 


v=sinnd c,, sin 
Here a,,, b,,, ¢,, are coefficients to be determined in such 
a manner as to satisfy the differential equations. 
Equations (22) satisfy the boundary conditions. When 
the expressions for u, v and w are introduced into the 
differential equations (15) to (17), an infinite set of linear 
equations is obtained. The matrix M_ of these 
equations is 


— 25, +S» —S,+ Sy —S,+58; 
| —§,+5, rU,-—2s,+5, —S,+5; 
| —So+S, —s,+s, rU,-25,+5, 
M | —§,+S, —$.4+S, —s,+8, rU,-25,+58,... 
(23) 
/A)? + + (m= / 
where U,,= } 


/AY 


The condition of buckling is that the determinant of this 
matrix vanish. 


It is of interest to apply this condition to the case of 
uniform compression for which the buckling pressure 
was derived by Lorenz''*’, Southwell’, and most 
accurately by von Mises''*’. One obtains the formula 


This result agrees, except for its form, with equation 
(B6) of Batdorf’s paper’. It should be noted that 
Batdorf’s results differ from those obtained by 
von Mises only in that range of very long cylinders in 
which elastic thermal buckling of the kind analysed 
here is not possible. 

In equation (26) the buckling stress is a function of 
the circumferential wave length. Of greatest interest is, 
of course, the minima! value of the buckling stress and 
the number n of waves around the circumference 
corresponding to it. These values were computed by 
Batdorf and presented in a graph. A convenient 
simplified formula is 


R, (26) 
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which is valid when 
0:763(L?/ahy'* >>1 (28) 


As thermal stresses are non-uniform, it is worth 
while to investigate the effect of deviations from 


uniformity upon the critical stresses. When 
So=l =p 
(29) 
Sa=0 when mx£0,2 
one obtains in a first approximation 
- To cr, (30) 


where o,., is the critical stress of uniform compression 
as calculated from equation (26) or equation (27). This 
approximate formula is satisfactory when 


. . . 


Figure 7 illustrates some of the implications of 
equation (29). All three stress patterns correspond to 
buckling; they show that buckling is less likely to occur 
when the compressive circumferential stresses are high 
in the neighbourhood of the supports than when they 
are concentrated toward the middle of the cylinder. 


The thermal stresses in the uniformly heated simply- 
supported cylinder are high near the supports, and they 
are low in the middle of the cylinder unless the cylinder 
is very short and thick. This means that high average 
thermal hoop compression exists only when the shell is 
very stable, and cylinders that buckle easily do not 
develop it. To obtain an insight into the magnitude of 
the stresses, a numerical example was worked out with 
the following values of the parameters: 


a=10in. L=3-14in. h=0-033lin. »=0-3 (32) 


This implies 


The uniform hoop compression under which this shell 
buckles is 
Fo cr= 20,800 p.s.i. (34) 


if the material is steel. A uniform rise in temperature 
causes hoop compressive stresses that decrease rapidly 
with distance from the supports and vanish when 
x/A=0-22; the middle portion of the cylinder is in 
tension with an average stress amounting to about 6 per 
cent of the absolute value of the peak compressive stress 
at the supports. 


A step-by-step solution of the buckling determinant 
formed of the elements of the first five odd-numbered 
rows and columns of the matrix of equation (23) gave 
the result that the critical value of the average com- 
pressive stress of this thermal stress distribution is 
71,500 p.s.i. This value corresponds to symmetric 
buckling. The antisymmetric buckling condition is 
defined by the even-numbered rows and columns of the 
matrix; the first four of them yielded an average critical 
stress differing only by one per cent from the value just 
given. It is also useful to know that the solution of the 
cubic in r obtained from the 3 by 3 determinant of 


p=o 


(From the Journal of Applied Mechanics) 


Critical distributions of hoop compression for 
simply supported cylinder. 


FIGURE 7. 


symmetric buckling differed from the solution of the 
quintic by less than 5 per cent; it suffices therefore to 
compute the critical stress from 3 by 3 determinants in 
problems of this kind. 

To the engineer the important observation is that an 
average stress of 71,500 p.s.i. corresponds to a peak 
hoop compression amounting to 500,000 p.s.i. over the 
supports; such a high stress would be reached if the 
shell remained perfectly elastic under such stress condi- 
tions while the temperature was raised by 2380°F. It 
appears therefore that in reality local plastic deforma- 
tions must take place near the supports long before the 
critical condition of elastic instability is reached. 


3.5. TORSIONAL BUCKLING OF THIN WINGS 

In their, Ottawa paper'’, Dryden and Duberg 
recount that early experiments designed by the 
N.A.C.A. staff to test the temperature distribution in 
thin built-up aluminium wings revealed that thermal | 
stresses could considerably reduce the rigidity of the } 
structure. As a matter of fact model wings tested in an — 
open-jet wind tunnel at a stagnation temperature of 
500°F suddenly disintegrated in a “ flag-waving ” type 
of flutter while other identical specimens exposed to an 
air flow of the same supersonic speed but at a stagna-— 
tion temperature of only 100°F remained unharmed. 

It is not the purpose of this paper to discuss aero- 
elastic phenomena but the analytical work that was 
instigated by the experiment just described led to 
interesting results in the field of thermal buckling. 

The first paper analysing the thermal stresses in a 
constant-thickness solid wing of finite span and deter- 
mining the deformations of the wing in the post-buckling | 
range was published by Gossard, Seide and Roberts” 
in 1952. It is still the most detailed published analysis 
of the problem, but its numerical results are valid only 
for the particular geometry and temperature distribution 
chosen while the method, which is of general validity, 
involves so much numerical work that it has not been 
used again in the literature. A simplified small- 
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deflection theory was employed later by Vosteen and 
Fuller”? to correlate analytical results with tests in 
which the reduction in torsional rigidity of thin solid 
wings and the changes in the natural frequencies of the 
wings were measured. Good agreement was found 
between theory and experiment only when the 
deformations were small. 

It appears that the idea of substituting St. Venant’s 
theory of torsion for the much more involved plate 
theory, restricting attention to the first torsional mode 
of the wing and disregarding end effects must have 
occurred independently to Budiansky and Mayers”, 
Bisplinghoff"”? and the author*’’. Investigations now 
being carried out by Joseph Singer under the author’s 
direction indicate that this approach generally leads to 
results in good agreement with those of the more 
accurate plate theory. The simple formula for the 
reduced torsional rigidity can be given as 


where GC, is the torsional rigidity according to 
St. Venant, ~ is the spanwise thermal stress (positive 
when compression), dA an infinitesimal area of the 
cross section, r the distance of dA from some reference 
point in the plane of the cross section, and the integra- 
tion must be carried out over the entire cross section. 
The formula is based on the idea that the wing is very 
long and thus the thermal stress is calculated without 
regard to the effect of the end sections; nevertheless the 
results are accurate enough even when the span is not 
much greater than the chord. Equation (35) was also 
quoted by Duberg *'’, but without proof. 

The wing buckles under the thermal stresses alone, 
in the absence of external loads, when the thermal stress 
is of such magnitude and distribution that the right- 
hand member of equation (35) vanishes. 


4. Creep Buckling 


4.1 THE PHENOMENON OF CREEP 

When the temperature of a tensile test specimen of 
a particular metal is maintained constant in an oven 
heated well above room temperature, application of a 
load to the lower end of the specimen results in 
deformations which plot approximately as shown in 
Fig. 8. The instantaneous elastic and possibly also 
plastic deformations are followed by further additional 
ones that increase with time although the load remains 
constant; this phenomenon is known as creep. 

Immediately after load application the rate of 
change of creep elongation decreases; this range is called 
primary or transient creep. Later the rate becomes 
constant as shown by the straight portion of the curve; 
creep of this kind is known as steady or secondary 
creep. Just before failure the creep curve again be- 
comes steeper but the cause of this behaviour is a 
mechanical or metallographic instability of the creep 
process that need not be discussed further here. 

Of course, the speed with which creep deformations 
develop depends also on the temperature and the stress 
in the specimen. The complex relationship between 
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FiGure 8. Creep curve. 


creep deformation and the various parameters influen- 
cing it has been expressed in many different formulas by 
various authors. The importance of creep in the 
analysis of the structures of high-speed aeroplanes and 
missiles was discussed by the author®* in a recent 


paper. 


4.2 COLUMNS 

The literature of the creep buckling of columns has 
increased steadily since the time when the phenomenon 
was first described by Ross®*? and analysed by 
Freudenthal©®. The basic fact about creep buckling is 
that it is inevitable; it takes place under any compressive 
load, however small. In a broader sense, however, a 
concrete column need not be considered unstable just 
because it will collapse in consequence of creep in a 
thousand years. Thus in addition to load and tempera- 
ture the concept of lifetime also enters into 
consideration when a column whose material is subject 
to creep is analysed. This aspect of creep buckling was 
pointed out by the author at the Symposium of the 
Colston Research Society in Bristol”. 

The phenomenon can be described with the aid of 
Fig. 9. It is safe to assume that initially the centre line 
of the column deviates slightly from the straight line 
along which the compressive force P is acting. Such 
deviations are unavoidable because no machinist can 
produce a bar with zero tolerance and no test engineer 
can centre it perfectly in the testing machine. The initial 
deviation y, multiplied by the force P is a bending 
moment under which the initial curvature of the column 
increases in consequence of creep. The increased 
curvature is equivalent to a larger deviation y which in 
turn results in a larger bending moment and in more 
rapid creep. The consequence of this behaviour 
pattern is that the column bends to such an extent that 
it no longer can perform its structural function. 

To simplify the analysis, most authors have assumed 
that both the initial and the final deflected shapes are 
half sine waves. The justification for such a procedure 
can be found in the author’s Wilbur Wright Memorial 
Lecture®® and in a paper by Patel and Kempner®’’. It 
is also usual to assume in the calculations that the cross 
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section of the column is an idealised I consisting of two 
concentrated flanges of area A/2 and a weightless but 
shear-rigid web of depth /: as shown in Fig. 9. Another 
generally accepted simplification of the treatment is the 
neglect of inertia forces; the error made in consequence 
of this was found to be small by Kempner and the 
author®®. 

The simplest possible assumption regarding creep is 
that the strain rate ¢ is a function of only the stress: 


=(0/A)" (36) 


where ¢ is the creep strain rate, « the stress and n and A 
are empirical constants. This power function is often, 
although not exclusively, used for the relationship. It 
is the most convenient law in the analysis of creep 
buckling. When elastic, plastic and primary creep 
deformations are disregarded, a column whose deforma- 
tions are entirely governed by equation (36) fails after 
an indefinitely long time when n=1, and after a finite 
time when n> 1. The finite failure time is designated 
as the critical time. The mathematical equivalent of 
failure is an indefinitely large deformation. According 
to the results of the analysis this is reached faster under 
a large than under a small load when n> 1; but when 
n=1, failure takes place after an indefinitely long time 
however large or small the force is. 

The physical behaviour pattern changes when the 
material is capable of elastic as well as of steady creep 
deformations. The deformation law can then be 
given as 

(37) 


where E is Young’s modulus. With this type of 
material buckling takes place instantaneously under the 
Euler load: loads larger than the Euler load cannot be 
carried by the column; and creep buckling under loads 


Ficure 9. Idealised column. 
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smaller than the Euler load occurs after an indefinitely 
long time when n= 1, and after a finite time when n> j. 
Some of the facts here described were clarified by 
Kempner, Patel, and Pohle®***, 

Primary creep was taken into account by Libove*) 
who assumed that in a constant-stress creep test the 
strain was represented by 


e=(c/E)+ (38) 


where A, B and K are empirical constants. This law 
cannot be used in this form when the stress varies but it 
can be generalised easily if it is assumed that a 
mechanical equation of state exists. Although such an 
equation does not hold true in general. it can serve a 
useful purpose and lead to satisfactory results if the 
stress, strain, temperature and time parameters do not 
vary too widely. According to the concept of the 
mechanical equation of state, at a given temperature the 
strain rate of a given material depends only on the 
instantaneous values of the stress and the creep strain 
but not on the history of loading through which the 
state was reached. Thus in Fig. 10 one may apply a 
stress «r, to the bar at f— 0 and leave it unchanged until 


the time corresponding to point A is reached. If then 
the stress is suddenly increased to the value «,, the 
Strain rate is the slope of the curve labelled «, at 


point B. 

In order to generalise equation (38) one has to 
differentiate it with respect to time ¢, holding the stress 
7 constant, and subsequently eliminate the time between 
the new and the old equations. These operations give 

K 

Through a combination of analysis and numerical 
integration Libove obtained sets of curves from which 
the creep deformations and the lifetime of columns can 
be read if the material follows the creep laws of 
equations (38) and (39). In a subsequent paper” he 
calculated the same quantities for solid rectangular- 
section columns. This work involved a great deal of 
numerical computation carried out with the aid of 
electronic computing equipment. 

Primary creep was treated approximately by 
Odgqvist®” who replaced the creep curve of Fig. 8 by 
the straight line of steady creep and the segment of the 
strain axis comprised between the origin and the point 


of intersection between the axis and the steady creep | 


line. 
function of the stress, and the differential equations of 
Ref. 26 were suitably modified and __ integrated. 
Odgqvist’s work was continued by the author®” in a 
recent paper in which the elastic deformations were also 
considered and the strain rate law was assumed as 


. 
where » and m are experimental constants and k, and 
k, have the values -1, 0, or +1 depending upon 
whether loading or unloading takes place, the stress 18 
tensile or compressive, and whether m and n are odd 
or even. 


(40) 


This last approach brought out an interesting nev 


This segment was expressed as a_ non-linear | 
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Figure 10. Tensile strain as a function of time and stress. 


physical phenomenon. While in the earlier treatment 
buckling was always characterised by an indefinitely 
large displacement, here an indefinitely large velocity 
appeared in a finite time. This time was again referred 
to as the critical time. In a yet unpublished manu- 
script, Fraeijs de Veubeke“” noted that the formulae 
given in Ref. 36 for the deflection of the column at the 
moment when the infinite velocity was reached were 
identical with those that defined the deflection at which 
buckling could occur without creep during the so-called 
static loading process. On the basis of this observation 
the creep buckling theory of Ref. 36 can now be 
re-interpreted in the following manner: 


If the term multiplied by k, in equation (40) is under- 
stood to represent the instantaneous plastic rather than 
the primary creep deformations, the first two terms in 
the right-hand member of the equation correspond to 
the static stress-strain relationship of the material at the 
particular elevated temperature. As the stress in the 
concave flange increases with increasing deformation, 
the stress distribution under a constant load P depends 
upon the deflection y of the beam. But this deflection 
increases with time from the initial value vy, in conse- 
quence of creep. Thus the interesting situation arises 
that even though the load remains constant, the stress 
in the concave flange keeps moving up along the stress- 
Strain curve as time passes. As the resistance of the 
flange to deformation diminishes with increasing stress, 
and since the effective bending rigidity of the column 
decreases with it, a deflection is finally reached at which 
the effective bending rigidity of the column is reduced 
to such an extent that the column buckles. 

For a given column the buckling condition is thus a 
function of the load P and of the instantaneous deflec- 
tion y, but it is independent of how this deflection was 
reached. It may be the consequence of creep lasting 
for days if the initial deflection y, was small. or of creep 
of only a few minutes’ duration if y, was large. There 
is considerable experimental evidence in the literature 
0 support this hypothesis. Thus Patel and_ his 
remarked that immediately before 
collapse the ratio of the midpoint deflection of the 
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column to its radius of gyration varied only from 0-49 
to 0-63 in a series of tests in which the initial ratio was 
varied from 0-035 to 0-131. Similarly the curves of 
total deflection versus time presented by Carlson and 
Manning®” show a sudden increase in deflection at 
about the same value of the deflection when the load 
and the slenderness ratio of two columns are alike. 

The theory of Ref. 36 can thus be used to predict 
creep buckling on this new basis if primary creep is not 
important. A number of closed-form integrals useful 
in applications of the theory were worked out by 
Patel“. The new concept of creep buckling was also 
discussed in some detail by the author in Ref. 4. When 
the high-temperature static stress-strain relationship is 
known empirically and cannot be satisfactorily ex- 
pressed in the form used in the theory, the following 
simple graphic-numerical procedure is recommended 
for the solution of the problem of the creep buckling of 
a column. 

The actual section is replaced by one having two 
concentrated flanges; in this process the total cross- 
sectional area A and the moment of inertia / are 
preserved. Next the stresses are calculated in the two 
flanges for various values of the non-dimensional 
deflection @=Vinax/P 2Vmax/h from the formulae 

o,.—=o,(1+a) on the concave side, and 


(41) 
o,=o,(1—a) on the convex side 


and A is the total cross-sectional area of the column. 
As the compression in the concave flange increases in 
proportion to the tangent modulus FE, corresponding to 
o., While in the convex flange it decreases in proportion 
to Young’s modulus E when the deflection of the 
column is increased an infinitesimal amount and the 
load is maintained constant, the resistance of the 
column to added deflections, that is the bending rigidity, 
is proportional to the reduced modulus 


When a= 1, the stress in the concave flange is zero, 
and when a> |, it is tensile. As long as the tension 
is less than the elastic limit of the material in tension, 
equation (43) is valid. When the tension exceeds the 
elastic limit, the equation must be replaced by 


2ZEnE (Eu : (44) 


where the second subscript refers to the location of the 
flange, “t” to the convex side and “c” to the concave 
side, 

As the buckling load of a column made of a strain 
hardening material is 


TE real . (45) 
and the critical stress 
Cor = (L/ py. (46) 


where L/p is the slenderness ratio. the value of a at 
which the column becomes unstable under a given 
constant load P can be easily calculated. From the 
stress-strain diagram taken at the proper temperature 
the value of the tangent modulus F, must be determined 
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for a set of values of «, and preferably plotted against 
o. Next o, and o, must be calculated from equation 
(41) for the prescribed value of o, and for different 
values of a, and the corresponding values of E,; must be 
taken from the graph. For each value of a the corres- 
ponding value of E,.q can then be computed from 
equation (43), or equation (44), whichever applies. 
Finally o-/Erea=)/Evrea can be plotted against a; the 
value of a for which o,/Eea=="/(L/p)* is the critical 
value ar. 

With the critical deflection known, the time to reach 
it can be obtained without much trouble. When the 
strain rate depends only on the stress, the calculation 
involves only a graphic or numerical integration. For 
each value of a, = and &, can be computed from the 
creep law and from the known values of «. and o,. The 
rate of change of the curvature is then 


(d/dt) (1 /r)=(/h) (2. (47) 
if (1/r) is the curvature of the deflected column. On 
the other hand at the centre of the column 

. (48) 


if the deflections are sinusoidal. Consequently the 


lateral displacement velocity is 


=) (49) 


with 

&,=(zh/2L)* (50) 
If 1/@is plotted against a, and the area under the curve 
between a=a, and a=a,, is planimetered, the result is 
the critical time. 

The procedure must be modified if the creep rate is 
a function of both the instantaneous stress and the 
instantaneous strain. Then a step-by-step numerical 
integration method can be used in which 4@ is computed 
in each stage of the deformations, and the new values of 
Ee, and o, are determined for t+ At. 

The analysis given does not take into account the 
elastic deformations. As they can significantly modify 
the results, the following corrections are recommended : 

If during any infinitesimal period of time df the 


deflection increases from ato a+da with da= a dt, the 
increment in the bending moment is 


dM =P da (51) 


The instantaneous response of the column is an incre- 
ment in curvature 

d (1/r)=dM | Eveal =P da/Eveal (52) 
where the value of E,., naturally depends on the 
instantaneous value of a. The corresponding increase 
in amplitude is 

da* =(L/7)?P da/Ereal =(P'/P*) da (53) 
with 

where Py, is the Euler load =*EI/L*. Hence during dt 
the amplitude increases not only because of the creep 
deformations, but also in consequence of the instan- 
taneous elastic and plastic deformations. The net effect 
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is that the displacement rate @ due to creep given earlier 
must be corrected. The corrected velocity is 


Georr = (P/P*)]a (55) 


This value must be used in the plot of (1/a) against g 
if the numerical or graphic integration is to take into 
account the elasticity of the material. 

4.3 PLATES 

It is expected that considerations similar to those 
offered in connection with the buckling of columns can 
be applied to the problem of the creep buckling of 
plates. The added complication is the two-dimensional 
nature of the stresses. Comparatively little is known as 


yet about two-and three-dimensional creep laws and no ' 


theoretical analysis of the creep buckling problem has 
come to the attention of the author. However, a con- 
siderable amount of experimental work has been 
carried out with plates at high temperatures, particularly 
at the N.A.C.A., and empirical laws have been 


formulated to predict the creep lifetime of plates , 


in compression. The studies of Mathauser and 
Deveikis“':**? can be mentioned in this connection; 
their work was also summed up by Duberg®””. 

4.4 CIRCULAR CYLINDRICAL SHELL SUBJECTED TO PURE 

BENDING 

It is equally difficult to apply the multi-axial creep 
Stress-strain relationship to shells as to plates. Never- 
theless the author’? has succeeded in analysing the 
creep deformations of a thin-walled ‘circular cylindrical 
Shell, subjected to bending moments constant along the 
axis of the cylinder, and in time through the device of 
considering the creep deformations of the circum- 
ferential reinforcing elements and their effective width 


of skin, independent of the creep deformations of the : 


longitudinal reinforcing elements and their effective 
width of skin. When the results were reduced to apply 
in a first approximation to unreinforced shells, satisfac- 
tory agreement was obtained with the results of 
experiments carried out at the Polytechnic Institute of 
Brooklyn. Details of the analysis are given in the 
Appendix. 

The mechanism of collapse was assumed in the 
following way: When the bending moment is applied to 
the circular cylinder, its cross section flattens slightly 
into an elliptic shape because the elastic strain energy 
stored in it is less in the flattened than in the initial 
configuration. This was shown by Brazier” to be 
true for very long reinforced cylinders. Brazier’s ideas 
were applied by the author“” to perfectly elastic rein- 
forced monocoque cylinders and the conclusions of the 
theory were corroborated by him through experiments 
with cylinders of finite length. When the temperature 


is high, this initial elastic flattening is increased by creep — 


as time goes on. When the flattening becomes so large 
that it noticeably reduces the moment of inertia of the 
cylinder, the creep deformations are accelerated and the 
cylinder fails. 

At the beginning of the analysis the elastic deforma- 
tions were disregarded and the creep deformations were 
attributed entirely to steady creep governed by the 
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Figure 11. Flattening of cylinder subjected to bending. 


power law :=(~/A)". The flattened shape was charac- 
terised by radial inward displacements w and tangential 
displacements v according to the equations 


w=acos 2 
v =(a/2) sin 2p . (56) 


where » is the angle measured from the vertical in a 
plane perpendicular to the axis of the cylinder as shown 
in Fig. 11 and a is the amplitude of the flattening. The 
flattening is thus independent of the axial co-ordinate of 
the cylinder; it can take place without restraint in the 
end sections also according to the assumptions. The dis- 
placement pattern defined in equations (56) does not 
introduce extensional deformations in the circum- 
ferential reinforcing elements, only bending. 

The state of deformation of the cylinder was defined 
by means of two parameters. The first, a, was the 
flattening amplitude, and the second, «, was the curva- 
ture of the axis of the cylinder under the action of the 


(Courtesy of N.A.C.A.) 
FiGureE 12. Creep buckling test of cylinder. 
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bending moments. If the steady creep law is valid, the 
Stresses in the elements of the structure depend only on 
the strain rates, but the axial strain rate is a complica- 
ted function of a, «, @ and «. All the stresses were 
expressed in terms of the two displacement parameters 
and their time derivatives, and equilibrium of the 
stresses was established in an approximate manner with 
the aid of the principle of virtual displacements. With 
« held fixed, the work done by all the stresses was 
calculated for a virtual displacement corresponding to a 
change from a to a +éa in the flattening parameter. The 
vanishing of the work furnished the equilibrium 
condition sought. 

In such a manner the following two simultaneous 
first-order partial, non-linear differential equations were 
obtained : 


+] 1 
1- (a/r) [1+ («/&)(a/a)] /J,) 


(kr) 


(57) 
(a ir) lin ad 1) (Mk/u)r' 
-(1/n)(a/r) [1 + (x (@/a)} 
n+1 | «a 
(58) 
7/2 
where J,=4 { (cos go) do 69 


and M is the constant bending moment, r the radius of 
the cylinder, /. its average effective wall thickness that 
supports the axial stresses, and » is the constant in the 
bending creep formula governing the changes in 
curvature k of the average circumferential element 


(dk/dt)=(m/p)y" . . (60) 


where m is the bending moment acting upon the 
average circumferential element. The correlation be- 
tween » and A was derived by the author in Ref. 46; 
the value of the definite integral in equation (59) can be 
expressed in terms of gamma functions or factorial 
functions. 


When all the data are given, equations (57) and (58) 
can be easily and quickly integrated numerically. 


In the experimental programme recently completed 
in Brooklyn, 43 cylinders, manufactured out of 5052-S 
aluminium alloy sheet without reinforcements, were 
tested. The diameter of the cylinders was 16 in., their 
length 40 in., and the shell thickness 0-064 in., 0-051 in., 
0-040 in., and 0-032 in. in four test series. The constant 
moment was applied by means of a loading triangle and 
the temperature of the oven was maintained constant at 
500°F. After a short period of creep at decreasing 
creep rates the end section of the cylinder continued to 
rotate at a steady rate for a considerable time before 
the cylinder buckled. Buckling took place in the region 
of maximum compression at one of the ends or in the 
middle of the cylinder (see Fig. 12). The creep 
constants were calculated from the straight-line portions 
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If the value of 2 is substituted from equation (62) and if an 
q equation (64) is duly considered, the result is 
(a 
| cos* gdp = 4h (c/A)" cos gdp . (65) 
3 4 As cos’ == /4, the solution of equation (65) for js 
c 
—»_|_h=0-040 IN. tah 
30 2/2 Ise 
100 200 300 400 
TIME, MIN. ik =(4/ar) | (o/A)" cos gdp. (66) 
Figure 13. Experimental and theoretical collapse times of » Sul 
cylinders. Substitution of ¢ from equation (62) and of & from 
equation (66) into equation (61) yields an integro- 
of the plots of end rotation versus time. They were differential equation for «: Th 
used in the integration of the two simultaneous o/2 ex 
differential equations. of cos — E AY" (61) 

The results of theory and experiment are compared , 
in Fig. 13, Details of the experimental programme can 7 If ¢ 
be found in Ref. 47. This can also be written as 

APPENDIX (0c [(4 COS | (7 /O ax)" COS - 

BEHAVIOUR IN CREEP OF A CIRCULAR CYLINDRICAL 4 the 

SHELL SUBJECTED TO BENDING* (68) 
Analysis of the Stresses in a Circular Cylindrical Shell Equation (66) can also be presented in a similar form Om 

The stress distribution is calculated in a long circular z/2 i 
cylindrical shell when the material of construction exhibits (4/ tr) / AY" | / COS (09) ¢ 
deformations caused only by linear elasticity and by steady ma 
creep. One interesting result of the analysis is that such is 
a cylinder shows deformations having the appearance of With the aid of equations (68) and (69) the behaviour 
primary creep. of the cylinder under the constant bending moment M 

The deformation law of the material will be taken as can be discussed. When the moment is applied, the of | 


instantaneous response is purely elastic because it takes — agyy 


(61) time for the creep effects to develop. Hence at 
where =: is the strain, « the stress, E the modulus of Stress is a linear function of the distance from the neutral 
elasticity, and the period indicates differentiation with aXs : R= 
respect to time. The cylinder is subjected to a bending . ' Geren 
moment M which is constant along the axis of the cylinder Th 
as well as in time. Under these conditions plane sections With this value one obtains © 
remain plane and the strain rate in the cylinder is a — 
where « is the time rate of change of the curvature of the 0 
axis of the cylinder and the rest of the notation is shown 
in Fig. 14. The bending moment can be calculated from 
the stress through integration: I 
2/2 from 
M=4hr | oydo = 4hr? | (63) Cons 
0 0 
This equation can be differentiated with respect to time. 
One obtains the condition 
7/2 
0 need 


Let us now multiply both members of equation (61) by 
cos ¢d@ and integrate over the area of the cross section. 


*This theory was developed under a research contract sponsored 
by the National Advisory Committee for Aeronautics. FiGureE 14. Section of circular cylinder. When 
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(71) 
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The result of the integration can be given in terms of 


(72) 


It can be seen therefore that part of the increment in stress 
is proportional to cos ¢, and the rest to (cos )"; hence the 


stress distribution changes with time. No further changes 


take place after the time when the distribution is character- 
ised by 


/ = (cos ¢)'/" (73) 
Substitution of this expression in equation (68) yields 
(da /0t)=0 ‘ (74) 


This distribution of the stresses leads to the following 
expression for the rate of change of the curvature: 


&=(1/r) (Omax/A)" i. 

If equation (63) is rewritten in the form 
M J 


(7 /Omax) COS : (76) 


the value of o,,,, can be easily calculated from the linear 
stress distribution and for the asymptotic solution: 


when (c/o ax) =COS > (77) 


n/2 n+1 


= M /[4hr? { (cos) dq] 


when / max) = (cos (78) 


Consequently the ratio R of the initial rate of change 
of the curvature to the final rate corresponding to the 
asymptotic distribution is 


2/2 2/2 
[ (cos oye | [ | (cos | (79) 
0 0 
The final rate of change of the curvature under the 
asymptotic conditions is 
a/2 


[ (cos | 


0 


(80) 


Kas, 


If in a series of bending tests k,, is measured, and 
from a logarithmic plot n is determined, the material 
constant A can be calculated from the expression 


(81) 


n/2 


0 


In the numerical evaluation of these quantities the 
need arises for the calculation of the definite integral 


2/2 


I= | (cos (82) 


when s is a fraction. 


gamma functions or factorial functions: 


jo 


Finally it can be stated that for a complete time history 
of the variations in stress equation (67) must be solved. 
This can best be done by a step-by-step integration for 
which the equation is written in a finite difference form: 


2/2 
Ao = [(4E/=) cos | 


/X)" cos E At (84) 


As the initial stress distribution at t=0 is known, stress 
distributions corresponding to later times can be obtained 
from this equation without difficulty. 


Analysis of Buckling through Flattening 
STATEMENT OF THE PROBLEM 


A long, thin, reinforced circular cylindrical shell is 
subjected to bending moments constant along the cylinder 
and in time. End effects are disregarded in this analysis. 
This means that either the cylinder is so long that the end 
conditions have no noticeable effect upon its behaviour 
under loads, or that in the case of shorter cylinders the 
constraints impose only the required rotation upon the end 
sections but they permit displacements in the planes of the 
end sections. It is expected on the basis of results obtained 
earlier by Brazier“*) and the author“ that under these 
conditions the originally circular sections of the shell will 
flatten into a quasi-elliptic shape, and that the deformations 
will be identical in every section. 

To simplify the analysis, the reinforcing elements are 
assumed to be distributed uniformly over the surface of 
the shell. Thus the area of one longitudinal stiffener 
divided by the stiffener spacing can be added to the thick- 
ness of the sheet covering to form an effective thickness 
h, in the calculation of the extensional deformations of the 
reinforced shell in the longitudinal direction. Similarly, 
the average bending rigidity of a unit length of the shell 
is the bending rigidity of one circumferential stiffener plus 
the effective width of the sheet covering divided by the 
ring spacing. 

On the basis of the assumptions made, it suffices then 
to analyse a portion of the shell contained between two of 
its cross sections a unit length apart. 

In the major part of the calculations it is assumed that 
deformations take place only in consequence of steady 
creep. The creep law is stated in the form 


==(o0/A)" (85) 


where ¢ is the strain, o the stress, and A and n are empirical 
constants. This law is assumed to hold equally for tension 
and compression, and for constant as well as for variable 
stresses. 

Upon application of the bending moments the shell 
begins to bend and flatten. As time goes on, creep defor- 
mations transform the originally straight axis of the 
cylinder into an arc of a circle of curvature x, and diminish 
the original vertical diameter of length 2r into a length 
2(r—a). In consequence of the reduced resistance of the 
flat shell (as compared to the original circular cylindrical 
shell) to bending, the rate at which the curvature x 
increases becomes higher with time, and when the curvature 
and the flattening reach their critical values, the shell 
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collapses. It is the purpose of this analysis to calculate 
these critical values as well as the critical time at which 
the shell collapses if the geometric and mechanical 
properties of the structure and the magnitude of the applied 
bending moment M are known. 


GEOMETRY OF DEFORMATIONS 

When a long circular cylindrical shell flattens, it can do 
so without developing any extensional deformations in the 
circumferential direction. As the circumferential normal 
strain is 


e, =(1/7) [(00/29) - (86) 


if the sign convention of Figs. 11 and 14 is adopted, the 
condition of inextensional flattening is 


(87) 


Starting out from this condition, Brazier‘) showed by 
means of the variational calculus that a linearly elastic 
cylinder flattens in accordance with the equations 


w=acos 26 


v=(a/2) sin 26 (88) 


In the present report these equations will be assumed to 
describe the deformations caused by creep with sufficient 
accuracy. The magnitude of the amplitude a will be 
determined with the aid of the principle of virtual displace- 
ments. 

The curvature of a plane curve is given by the formula 


R? +2 (dR/do)* — R (d*R/do") 
[R? + (dR/do)?}?!? 
where R is the distance from the origin of a point of the 


curve corresponding to the angle ¢ . Because of equation 
(88) 


(89) 


(1/p)= 


R=r—acos 2 (90) 


In the calculations the deformations will be assumed 
to be so small that it will be permissible to disregard 
(a/r)? as compared to unity. One may then write 


R?=r*-2arcos2@ R*=r* - 3r’acos 2 


do? =4a cos 2¢ (91) 
With these expressions the curvature becomes 
(1/p)=(1/r) [1 - 3 (a/r) cos 29] (92) 


Finally the vertical distance y of a point of the circum- 
ference corresponding to must be calculated after 


deformations. It is 

y=rcos wcos ¢—v sing (93) 
Manipulations yield 

y=rcos [1 (a/r) cos? (94) 


The strain geometry in the plane of a cross section is 
thus defined by the parameter a. Because of the require- 
ment that plane sections before bending remain plane after 
bending, the axial strains are governed simultaneously by 
the curvature parameter « and the flattening parameter a. 
The axial strain is given by 


(95) 
where a positive value of x corresponds to a bending of 
the axis of the cylinder in a vertical plane, with the curve 


convex from above. Because of equation (94) this can 
also be written as 


e=«rcos [1 -(a/r)cos* ¢] . 


(96) 


VIRTUAL WORK OF AXIAL STRESSES 


From equation (96) the rate of change of the creep 
strain is 


cos {1 -(a/r) cos* [1+(«/x) (a/a)]} 97) 


Hence the axial normal stress is in consequence of 
equation (85) 


o =X (kr)! (cos {1 — (a/r) cos? [1 + 
k>0 0<¢<x/2 (98) 


The stresses in the other three quadrants have the same 
magnitudes as in the first quadrant; they are positive above 
and negative below the horizontal centroidal axis which 
is the neutral axis in bending. 


_ The conditions of equilibrium of the shell are satisfied 
if the work done by all the stresses is zero for any virtual 
displacement (provided the external loads do no work), 
Equilibrium will be established here by enforcing this 
condition for a single virtual displacement only; the 
displacement selected is the one that is caused by an 
increment 6a in the magnitude of the flattening parameter 
a while the parameter x remains unchanged. As «x is 
unchanged, the work done by the applied moment M is 
zero. Equation (96) shows that such an increment leads 
to increments dz in the axial normal strain amounting to 

62 = — oda (99) 
at a time when the curvature of the axis is kx. 


As the stress distribution is symmetric with respect to 
the y-axis and antisymmetric with respect to the x-axis, 
the virtual work 6W, is 


(100) 


The expression for ~ is now substituted in this equation , 


from equation (98), and the expression for 6 from 
equation (99). As (a/r)? is small compared to unity, the 
expression in brackets can be simplified with the aid of the 
binomial theorem: 


[1 — (a/r)]'/"=1 (q/n) (a/r) (101) 


This simplification is permissible if g is small; in the 
numerical integrations to be described later q was usually 
less than two. 

Integration and manipulations yield 


— Cir)!" {Jy (a/ nr) [1 + &) (a/a)] 6a 
(102) 


where the symbols J, and J, stand for the definite integrals 


| (cos 
n/2 

(cos 


0 


These integrals can be expressed by means of gamma 
functions or factorial functions (see equation (83)). The 
expression given for 6W, refers to a portion of the shell 
comprised between two cross-sectional planes a unit length | 
apart. 


(103) 
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VIRTUAL WORK OF THE CIRCUMFERENTIAL BENDING MOMENTS 


The creep law for the bending of a unit length of the 
shell-circumferential stiffener combination is assumed as 


k = (0/00) (1/p)=(m/p)? (104) 


where k is the rate of change of the curvature of a circum- 
ferential element of the combination and m is the bending 
moment acting upon the element of unit width. The 
constants « and p can be determined by experiment, or 
else they can be calculated with the aid of equation (80). 
It was shown earlier by the author"® that for the same 
material equations (85) and (104) are compatible if the 
deformations are due entirely to steady creep, and that in 
such a case p is equal to n. 

As the amplitude a of the flattening is a function of 
time, the rate of change of the curvature of a circum- 
ferential element is in consequence of equation (92). 


(/p)= 3/n) (a/r)cos2o. (105) 


If equation (104) is solved for m, and the absolute value 


of k is substituted in the formula obtained, the absolute 
value of the bending moment acting on the circumferential 
element can be written as 


m= =p (3/r)'/? (4/r)'!” (cos 29)” (106) 
a0 0<9< 7/4. 
This moment decreases the curvature in the range 


If attention is focused on the conditions prevailing at 
a fixed time ¢ when the flattening parameter has the value 
a, and at that time a virtual displacement is undertaken in 
such a manner that after the displacement the flattening is 
characterised by the amplitude a+6a rather than by a, 
while the curvature parameter « remains unchanged, it 
follows from equation (92) that in the range 0<¢=< 7/4 
the curvature decreases by the amount 


6k = (3/r) (6a/r) cos 2 (107) 


Because of the properties of symmetry and antisymmetry 
of the moment and displacement distributions along the 
circumference, the virtual work done by the moment can 
be given as 


Substitution from equations (106) and (107) and integration 
yield 
=p (a/r)'!"J, ba (109) 


where | (cos 


0 


(110) 


This virtual work again refers to a portion of the 
Structure comprised between two cross sections a unit 
length apart. 


APPLIED MOMENT 


The magnitude of the applied moment can be obtained 
through integration as expressed in the equation 


7/2 


M=4h,r oydp 


(111) 
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Substitution and integration give 
M =h,r°X x 


where the symbol J,,, denotes the definite integral 


| (cos (113) 
CONDITION OF EQUILIBRIUM 
The condition of equilibrium to be enforced is 
6W.+6W,=0 (114) 


If the expressions obtained for the virtual work in equations 
(102) and (109) are substituted in equation (114), and use 
is made of the expression derivable from equation (112) 
for xr, which can be written as 


ane 
: (115) 
Equation (114) can be solved for a/r: 
= (1/3) yp) (Mk/p) x 
= /n)(a/r) [1 +(k/k) (a/a)} 


These two simultaneous equations can be solved by 
step-by-step integration. When the material of the circum- 
ferential elements follows the same creep law as the 
material of the longitudinal elements, p is equal to n. 


SHELL WITHOUT REINFORCEMENTS 


When the shell is not reinforced, the same piece of 
material must develop creep deformations in the circum- 
ferential and the axial directions. Sufficient information 
is still lacking on creep under such conditions. For this 
reason, and to obtain the simplest possible results, it is 
assumed in this analysis that in a first approximation creep 
in the circumferential direction is independent of creep in 
the axial direction. In addition, the material is assumed 
to follow the same creep law in the two directions. It 
follows then that p=n; moreover, the value of u can be 
expressed in terms of the basic properties of the material. 

If the thickness A, of the shell is small as compared to 
the radius r of the cylinder, bending of a curved circum- 
ferential element takes place in the same manner as if the 
element were straight. It can be assumed therefore that 
plane sections remain plane. A consequence of _ this 
assumption is that 


for the element whose cross section is shown in Fig. 15. 
If the effect of the stresses and strains in the axial direction 
is ignored, the circumferential bending stress can be calcu- 
lated from equation (85): 


0<y<h,/2 (118) 


Because of the antisymmetry of the stress distribution with 
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Ficure 15. Cross section of circumferential element. 


respect to y=0, the bending moment can be calculated 
from the equation 


hy /2 
m=2 | oydy (119) 
0 
Substitution and integration yield 
m=[2n/(2n4+ 1)] AKA!" (hy/2)@"+/" (120) 
This can be solved for k: 
k=(m/p)y (121) 
with [n/(2n + AA, (122) 


PERFECTLY ELASTIC SHELL 


The analysis of the perfectly elastic shell is of interest 
for two reasons: first, it yields the buckling load for 
instantaneous collapse upon load application, and second, 
it gives information regarding corrections of the creep 
theory just presented that can be made so as to account 
for elastic deformations during the creep process. A 
complete analysis of the simultaneous elastic and creep 
deformations is not impossible but it is not warranted as 
in most cases the elastic correction is comparatively small. 


In this calculation the law of elasticity will be assumed 
as 


¢=(0/A)" (123) 


This non-linear relationship is useful if the actual stress- 
strain curve is not straight because of instantaneous plastic 
deformations at high stress accompanied by high tempera- 
ture. As long as no unloading takes place, equation (123) 
can represent the instantaneous plastic deformations as 
well as the elastic ones. The end results can be easily 
reduced to the case of linear elasticity by assigning the 
value of the Young’s modulus E to A and taking n as 
unity. 

As the plane section condition must be maintained, 
equations (95) and (96) remain valid. Because of equation 
(123) the axial stress is then 


o =X (kr)/" (cos [1 (a/r) cos? 


. (124) 


Multiplication of the stress by the change in strain 
(d¢/0a)8a, consideration of the symmetry and _ anti- 
symmetry of the stress distribution, and integration over 
the cross section give 


(125) 


‘ If the initial shape of the cross section is characterised 


W, =a, Cos 2 


v,=(a,/2)sin2e . (126) 
the initial curvature of a circumferential element is 
(1/p.)=(1/r) [1-3 (@,/r)cos2¢] (127) 


and the change in the absolute value of the curvature js 
after deformations 


(128) 


where a,,, the additional displacement amplitude, is defined 
as 
=A- A, : (129) 


The bending moment in the element is given by 
m= pki!" : (130) 


and because of the root this expression should again be 
used only when the argument is positive. If this moment 
is multiplied by the change in curvature (0k/0a) 5a and 
the product integrated over the cross section, the virtual 
work of bending is obtained in the form 


Because of the principle of virtual displacements 
bW,+6W,=0 (132) 


The applied bending moment can be obtained by integrat- 
ing the product of o and y over the cross section. The 
result is 


(xr)! (a/r) J, | (133) 


Substitution of the virtual work quantities from equations 
(125) and (131) into equation (132) and consideration of 
equation (133) yield ' 


[1 (ain) | 
where 
(135) 


If the value of » is substituted from equation (122) 2 
becomes 


Q=(2/3)C+Y!" [(2n + 1)/n] x. 


x hy) (r/ hy) (M 
« 


From equations (129), (134), and (135) or (136) a,, can be 
computed and plotted as a function of a,. When the 
flattening is small, a good approximate formula is 


LINEAR ELASTICITY 
When n=1 A=E (138) 
one has 
J,=3%/4 J,=52/8 
p=(1/12) Eh,? « 
and Q=(1/ 7?) (1/Ah,3) (M/ rE)? (140) 
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136) 
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(137) 


(138) 


(139) 
(140) 


Equation (134) becomes 


1 (5/6) (a/r) 
1 - (3/2) (a/n)]? 


(141) 


BUCKLING OF LINEARLY ELASTIC SHELL 

If equation (132) is solved for a=a,,+a, and the 
conditions of linear elasticity, that is n=1 and A=E, are 
duly taken into account, the result is 


(a,/r) +T (rx)? 
with T=(h./ hy) (r/ hy)? (143) 
Substitution in equation (133) yields 
(a,/r) + T (rk)? 
M=Elk {1 (144) 
where f=chr (145) 


When the cylinder is perfect before load application, this 
equation reduces to 


M=Elx {1- (3/2) T (re)? | 


1+ (5/6) T (re)? 
The maximum bending moment can be obtained from 


the requirement that the derivative of M with respect to 
k must vanish. This condition can be stated as 


1 — (17/6) T (rx)? — (5/9) T? (rx) =0 (147) 
The solution of this quadratic is 
T (rx)? =0-288 (148) 


The expression in braces in equation (146) is then 0-652 
and 


K=0-537 (h,/h,)'!? (h,/r?) (149) 
As the maximum nominal stress in bending is 
Mell (150) 
substitutions in equation (150) yield 
max = 9°35 (hy/h,)!!7E (151) 


Since in the linear case the strain energy in bending is 
independent of the strain energy in extension, for the 
unreinforced cylinder this result rigorously reduces to 


Cup E (152) 


ELASTIC CORRECTION 


If a cylinder is subject to both steady creep and linearly 
elastic deformations, the sequence of events can be 
imagined to take place in the following manner: let it be 
assumed that at time ¢ the sum of the elastic and creep 
displacement amplitudes is a. During the increment of 
time Ar the amplitude of the deformations increases by 
aAt if creep alone is taken into account and the effect of 
the elasticity upon the increment is disregarded. The 
increment aAr is permanent; it can be regarded as a 
change in the initial shape characterised by the amplitude 
a, defined earlier. Next one can imagine that at the end 
of the period the elasticity of the material suddenly mani- 
fests itself and the amplitude of the flattening increases 
elastically corresponding to the increment @Ar in the 
creep deformations. 

If the curve a,,—f(a,) is plotted on the basis of 
equation (141), the slope of the curve f’ (a,)=da,,/da, 
multiplied by @Ar is the elastic correction to the flattening 
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corresponding to the change @At in the initial shape. Hence 
the velocity of flattening a@ must be corrected to read 


Qocer =a [1 f (a,)] (153) 


In this expression f (a,) must be taken for the value of a, 
defined by 


t 


a= | adt (154) 
0 
while the total deformation is of course 
t 
(155) 


In this method of correcting for elasticity, the inter- 
action between the elastic and creep stresses, which was the 
subject of the first part of the theoretical work, is not 
taken into account. The results should, however, be 
accurate enough for practical purposes when the creep 
deformations take place comparatively slowly, and parti- 
cularly when the correction itself is small. 

In many cases the effect of the initial elastic defor- 
mation that takes place immediately upon load application 
has a greater effect upon the time necessary for collapse 
than the interaction between the elastic and creep defor- 
mations discussed above. This value can be taken from 
the plot of equation (141). If the cylinder is perfectly 
circular at the outset, a,,;—a, and solution of equation (141) 
gives 


(4/r)in = (@aa/ (156) 


in a first approximation. This value can be easily improved 
by substituting it back in the right-hand member of 
equation (141). One obtains the solution in a second 
approximation as 


(a/r),,>=Q + (13/6) (157) 
At the same time the curvature is 
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TECHNICAL NOTES 


A Simple Method of Constructing Duct Models for the Electrolytic Tank 


J. F. NORBURY and A. PLATT 


(Department of Fluid Mechanics, University of Liverpool) 


A PROBLEM which occurs frequently is that of 
choosing a suitable shape for a duct, such as a wind 
tunnel contraction or an air intake. Basically similar 
problems, involving potential flow fields, occur in other 
branches of engineering, particularly in electrical engineer- 
ing, and the electrolytic tank is now established as a tool 
which may usefully be employed in their investigation. 
The use of the simple shallow tank is limited to those 
fields which can be treated as two-dimensional or axi- 
symmetric, but many problems fall within these categories. 

In forming a duct model for the electrolytic tank the 
walls of the duct are represented by insulating surfaces, 
and electrodes are positioned to represent two suitable 
velocity potential surfaces up- and down-stream of the 
duct. To represent a sector of an axi-symmetric duct 
the base of the tank must be inclined at 3°-5° to the 
horizontal and the water line on the tank base then 
Tepresents the axis of symmetry. 

In previous work models have usually been formed 
either in timber or in paraffin wax. Timber models require 
surface treatment to avoid water penetration, and while 
they have the advantage of permanency they are moder- 
ately expensive, and cannot be readily modified. In using 
paraffin wax, large blocks are cast on to the tank base 
and carved to the required shape. This method is perhaps 
more flexible, but takes time in the tank and requires a 
fair degree of skill. The resulting boundary is not very 
suitable as a track for the probes used to measure potential. 

The authors sought a more rapid and flexible technique 
of model construction, for use in experiments on the design 
of an entry for an open return wind tunnel. An electro- 
lytic tank with a glass base, nominally 8 ft. x6 ft., was 


O-OISIN, BRASS STRIP 


Figure 1. Arrangement of first model. 


available for the experiments, and this could be tilted to 
an angle of 3°. 


THE TECHNIQUE DEVELOPED 

As an example of the general nature of the models 
to be used the first model to be constructed is shown in 
Fig. 1. It was a two-dimensional model to represent the 
flow through a slit in an infinite plane wall, a flow for 
which theoretical results are available. It was proposed 
to use Perspex strips, 2 in. wide x { in. thick for the straight 
walls of the model, and 1/16 in. thick for the curved walls. 
Tabs of Perspex were cemented to the strips to hold them 
perpendicular to the tank base (see Fig. 2). As a first 
attempt the strips were treated rather like draughtsman’s 
splines, being held in position on the base of the tank by 
means of lead blocks acting on the tabs. This was found 
to be a most satisfactory method of shaping the model 
walls, the tabs being pitched at one foot intervals on the 
straight walls, and as close together as was found necessary 
on the curved walls. The Perspex strip could not be bent 
to the sharp curvature occurring near the slit (see Fig. 1) 
and this part of the boundary was shaped from a small 
block of paraffin wax. 

The upstream electrode was made from brass strip, 
0-015 in. thick, and fixed in position using weights bearing 
on wooden tabs screwed to the strip. The downstream 
electrode was a copper plate, } in. thick. 

Preliminary experiments showed that it was most 
essential to prevent electrical leakage through the gaps 
between the tank base and the lower edge of the Perspex 
strips, although these gaps were only of the order of 
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PERSPEX STRIP 


CORNER SEALED 
WITH PICEIN WAX 


Ficure 2. Arrangement of tab. 


0-002 in. Several sealents were tried, including paraffin 
wax and plasticine. The best medium proved to be a 
picein wax, as used for sealing assemblies of chemical 
apparatus. Used in the manner to be described the hard 
and brittle cement was softened to a tough rubbery 
texture, and a bond durable for several days was obtained 
on polished plate glass. The bonding of Perspex walls to 
a Perspex base plate was found to be virtually permanent. 

A smear of vaseline was first spread on to the dry 
base of the tank at the outer foot of the model walls. 
The sticks of wax were then melted using an electrical 
soldering iron, and a $ in. fillet of wax was formed between 
the walls and the vaseline. Next the soldering iron was 
slowly moved along the fillet, re-melting it and warming 
the tank base slightly, improving the bonding. A generous 
smear of vaseline was then applied over the fillet, and the 
whole re-melted. The mixture so formed had the improved 
rubbery texture. Finally, vaseline was smeared over the 
fillet, and in the inner corner of the walls, to prevent the 
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FiGcure 3. Probe carrier. 


percolation of water beneath the sealent, as this reduced 
the life of the seal. On completion of the seal the fixing 
weights were removed, the mechanical strength of the 
seal being quite adequate to hold the strips in position. 

Probes for the measurement of potential and potential 
gradient along the model boundary were carried on a 
rider of very simple construction (see Fig. 3). This was 
fitted on the upper edge of the Perspex strip, which formed 
an admirable track along which the rider could be 
traversed. The double probe for determination of potential 
gradient was thus automatically aligned parallel to the wall. 
To facilitate the determination of the position of the rider 
along the boundary, a scale was accurately marked on the 
Perspex strip before this was placed in position on the 
marked model. 

For later models it was found advantageous to use a 
separate sheet of Perspex as the base, laying this on the 
glass base of the tank to carry out experiments. These 
models had the advantage of permanence, and they could 
be rapidly interchanged in the tank. A further important 
advantage was the speed with which ad hoc adjustments 
of the boundary shape could be made. After removal 
from the tank drying took a matter of a few minutes, 
using a blower, and the adjustment of shape could then 
be quickly carried out on a work bench much more 
conveniently than in the tank. 


Leakage Rates from a Pressurised Aircraft at Altitude 


L. R. JENKINS 
(Aeroplane and Armament Experimental Establishment, Boscombe Down) 


LIGHT TESTS were made to verify a method of 
predicting pressure cabin leakage rates at altitude 
from ground test results proposed in a Technical Note 
published in THE JouRNAL in August 1954°:*) The results 
showed very good agreement with the theoretical treatment 

of the problem. 
It is therefore recommended that the method of the 


Technical Note be used to estimate the change of leakage 
rates with altitude and also to estimate the time for the 
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excess pressure to fall during a descent with no pressure 
supply. 


INTRODUCTION 

A method of predicting the leakage rate at altitude 
of an aircraft's pressure cabin, knowing the ground level 
leakage rate, was proposed by H. J. Staite in the August 
1954 JourNaL:®), The use of this method would 
materially reduce flight test time and it was therefore 
decided to test its validity. ; 

The leakage rate was defined as the time for the desiga 
controlled differential pressure of the cabin to fall to half 
its value with the pressure supply off. 
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PL §N. R + P.S.I. 12% P.S.I. 
LEAKAGE RATE ON GROUND SZ PLUS 0-4 SO. IN. 4 
~=PLUS 0°6 SQ. IN. 
30 
@ 
THEORY. Lan 
4x 
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AIRCRAFT ALTITUDE - FT, 


FiGuRE 1. Comparison of theoretical and experimental 
values of F. 


CONDITION OF AIRCRAFT 

(a) To enable the air pressure to build up in the cabin 
below about 10,000 ft. and also to be able to exceed the 
design controlling differential pressure of 3} Ib./in.*, an 
ON/OFF cock was put in the air line from the master 
control unit to the discharge valve. 

(b) To prevent ram air pressurising the cabin the air 
inlet in the port wing leading edge was blanked off. 

(c) Through the rear pressure bulkhead were two 
orifices of 0-3 sq. in. each. One was calibrated and variable 
from 0 to 0-3 sq. in. and the other was a fixed hole 
controlled by a bung. 

(d) Across the rear pressure bulkhead was a differential 
pressure gauge graduated to 1/10 Ib./in.*. 

(e) A check was made on the ground that there was 
no leak from the engines past the shut off valve to the 
cabin with “cold air” selected. 

(f) A check was made on the ground that the safety 
valve “ cracked” at about 4-1 Ib./in.? differential. 


METHOD OF TEST 
(a) Prior to each take-off, by using the ON/OFF cock 
the cabin was pressurised to 3} to 4 Ib./in.? gauge. The 
pressure was then shut off and the time taken with a hand- 
held stop watch for the differential pressure to fall from 
3} to 1} Ib./in.2 gauge. This was repeated with the 
following leak conditions : — 
No additional leak 
Plus 0-2 sq. in. 
Plus 0-4 sq. in. 
Plus 0-6 sq. in. 
(b) The test with the same leak conditions was made 
at the following altitudes : — 
10,000 ft. 
20,000 ft. 
30,000 ft. 
40,000 ft. 


(c) In an attempt to eliminate possible influence of speed 
during the flying trials the speed was kept to 220 knots 
EAS. 


RESULTS OF TESTS 
(a) The results are tabulated in Table I. 


(b) The function F is plotted against height in Fig. 1. 
Pr 


leakage rate at height ( ( f ) 
P. dp, 


~ leakage rate on ground — 


~ 
Log, (=*) 


3} 


Log,2 


The expression is developed in Refs. 1 and 2. 


DISCUSSION OF RESULTS 

(a) The results showed very good agreement with the 
theoretical approach of the Technical Note by H. J. 
Staite. The instrumentation was purposely kept simple.. 
It was realised that the differential pressure across 
the rear bulkhead may have included a position error in 
respect of those leaks normally existing in the cabin at 
other points and further, the lack of automatic recording 
in particular prevented investigation of the case of descent 
with pressure supply failure. However, these shortcomings 
did not affect the good agreement of theoretical with 
experimental results. 

(b) There was a noticeable deterioration in the ground: 
leakage rate between flights a month apart. No definite: 
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Flight Height 
| 
2nd May On ground 
10,000 ft. 


~ 20,000 ft. 


3rd May On ground 


10,000 ft. 


20,000 ft. 


2nd June On ground 


30,000 ft. 


40,000 ft. 


TABLE 1 


| 
| Leak condition | 


0 | 


sq. in. 
+04 | 
+06 

0 
“+0:2 sq. in. | 
+0:4 | 
+0°6 
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Leakage Rate F 
Time from 
34 to 14 Ib/in? gauge 


62 secs. 
25 

69 secs. 
65 1:27 


98 secs. 
716 1:49 


1:2 
61 

59 1:21 
18 


17 1:32 
57 ‘Secs: 
573 
264 
7 
14 
14 
144 
103 
11 
108 secs. 
1093 1:9 
554 
514 2-0 
293 | 
303 21 
294 
234 
22% 22 
152 ‘secs. 
1544 2°68 
675 2°53 
374 2:62 
2:79 


Leakage rate at ht. 
Leakaze rate on ground 


+0:2 sq. in. mod 
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| 14 | 
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cause of this was found, though it is indicative of how 
the practical considerations of airframe deterioration may 
modify a theoretical approach to it. It is also conceivable 
that the leak condition of an aircraft may change with 
temperature due to contraction of components and with 
speed due to the position of the major leaks. 


RECOMMENDATIONS 

(a) It is recommended that the method of the Technical 
Note be used to estimate the change of leakage rate with 
altitude. It seems reasonable, too, to use “the extra 
theory” to estimate from ground leakage rates and the 
aircraft rate of descent, the time for excess cabin pressure 


to fall during a descent with no pressure supply. 

(b) It is recommended that the method of the Technical 
Note with “the extra theory” be investigated further on 
another aircraft of different size to investigate if any 
scale effect is present. 
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Torsional Vibrations of a Multi-Rotor System Having a Non-Linear Flexible Coupling 


S. MAHALINGAM, B.Sc.(Eng.), Ph.D. 


(Department of Mechanical Engineering, University of Ceylon) 


HE FREE and forced vibrations of a multi-rotor 

system where one section of the shaft has a non- 
linear elastic characteristic are considered in this paper. 
For any frequency of steady vibration the system is 
reduced to an equivalent rotor at either end of the non- 
linear section. The vibrations at all points are assumed 
to be one-term approximate solutions and the amplitudes 
of steady forced vibration are determined by a method 
outlined by the author in an earlier paper’. 


INTRODUCTION 

The introduction of non-linear elasticity into vibrating 
systems for the purpose of avoiding sharp rise of ampli- 
tudes at resonance has long been recognised and appli- 
cations are found in the use of non-linear flexible couplings, 
non-linear vibration absorbers, and so on. The analysis 
of non-linear systems with two or more degrees of freedom 
is generally difficult, but in the class of problems given 
above where there is only one non-linear component, i.e. 
a non-linear spring, simple approximate solutions are 
possible. For the free and forced vibrations of single 
degree of freedom systems one-term solutions are known 
to give high degrees of accuracy even in cases of marked 
non-linearity. In the present paper one-term solutions are 
assumed and the given system is reduced to a simple 
system consisting of a non-linear shaft carrying an 
equivalent rigid disc at either end. 


NOTATION 
x angular displacement 
a amplitude of torsional vibration 
k torsional stiffness of shaft 
f(x) restoring torque characteristic of non-linear 
section of shaft 
! polar moment of inertia of rotor 
Q amplitude of exciting torque on rotor 
®, natural circular frequency of non-linear system 
corresponding to an amplitude of vibration x 
F(x) frequency function 
¢(p) equivalent moment of inertia of a given system 
as a function of the frequency of steady 
vibration 
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VIBRATION OF A TWO-ROTOR SYSTEM 
Consider the simple torsional system of Fig. 1 where 
two rigid discs /, and /., are connected by a light shaft of 
stiffness k. A harmonic torque Q, cos pt is applied to 
one of the discs. 
The equations of motion of the system are 
,+k (x, -x.)=Q, cos pt (1) 
I, x, +k (x, x,)=0 } 
These can be combined into 
¥.)+k +1) (x, - x.) =Q,1, cos pt 
which can be written in the form 


l€+kx=Qcospt . (2) 
EF 
where are 
x=(x, 


Assuming a solution of the form x=acospt and 
substituting in (2) we get the relation 


where © = Cy is the natural circular frequency of the 
system. 

In dealing with a system with a non-linear spring 
characteristic we may assume an approximate solution 
x=acos pt and determine a from the equation 


= 


J, = 


Q cos pt 


Ficure |. Simple two-rotor system. 
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k 
A fs 
t 
b cos pt 


Ficure 2. Simple torsional system under exciting torque at 
one end and harmonic displacement at the other. 


where w,=frequency of free vibration of amplitude a. 
This method has been discussed by the author in Ref. 1 
where equation (4) was solved graphically by considering 


the intersection of the straight line y= 24 p*x and the 


curve y=F (x)=w,?x, the frequency function. 

For any arbitrary spring characteristic the iteration 
method®) may be used for calculating w,. In special cases, 
e.g. for a characteristic of the form ax+x° or when the 
characteristic is made up of a number of straight lines, 
@, may be determined exactly by more direct methods. 

Another method of solving (4) is to consider the inter- 
section of the straight line y=Q+J/p*x and the curve 
y=F’(x)=Iw,°x. It will be seen that F’(x) is the frequency 
function for a disc of unit moment of inertia and has the 
same dimensions as f(x). In the present paper, where we 
shall be considering different values of J with a given 
f(x), the latter form of the solution will be used. 


REDUCTION OF A MULTI-ROTOR SYSTEM 

Consider the simple torsional system in Fig. 2 where, 
in addition to the impressed torque Q cos pt on the disc, 
the end A is given a harmonic displacement bcos pt. The 
equation of motion of the disc is 


Ix +k(x-— bcos pt)=Qcos pt . ‘ (5) 


Assuming a solution x=acos pt and substituting in 
(5) we get 


The torque required to maintain the displacement of the 
end A will therefore be 


= —k(a-—b)cos pt 


w? ) ] 
= 
[ eos pt+I p’b cos pt (7) 


If we now consider a dynamically equivalent system 
of a disc only of moment of inertia J, located at A and 
acted upon by a torque Q,cos pt, then the additional 


| 
R 
2 3 afi 5 
\ | (2c) 


Ficure 3. Multi-rotor system with non-linear coupling. 


Q, os pt | 4 5 


Ficure 4. Equivalent system for forced vibrations. 


torque necessary to give the disc a harmonic displacement 
b cos pt will be 


—(Q,cos pt+I.p*bcos pt). (8) 
Equating (7) and (8) we get 
w2 
0.-0( 
(9) 


«? 
w? p? 


It is seen that under conditions of steady vibration, 
the shaft can be eliminated by transferring the dise and 


the impressed torque to the end A, each quantity being ; 


multiplied by the factor c= ro =e the operation. 


Thus c may be termed the “transfer coefficient.” 
Also from (6) we get the following relationship between 
the amplitudes at A and B 


wo?-p? 


FREE VIBRATIONS OF A MULTI-ROTOR SYSTEM 

To explain the procedure the example of Fig. 3 will be 
considered. The section 4-5 carries a non-linear coupling, 
the restoring torque of the section being f(x), where x 
is the angle of twist. To solve the problem two preliminary 
curves will be necessary. 

(i) Equivalent moment of inertia 

The: equivalent moment of inertia J, at X-YX 
of the system to the left of section, for an) 
frequency p, is obtained by repeated application 
of (9) starting from /,. Thus we get the function 
I, = 9(p). 

(ii) Frequency function 

For a simple torsional system with elastic 

characteristic f(x) and J=1 we can obtain th: 

following curves :— 

(a) y=w’,, the amplitude-frequency relation fo: 
free vibrations 

(6) 

The natural frequencies of the system in Fig. 3 ma 
then be obtained as follows :— 

As a first approximation assume that /, at the sectio 
X-X=(1,+1,+1,+1,). The system is now reduced 
a non-linear shaft carrying discs J, and /, at either ent 
Then as in (2) the equation of motion is 


Id, 


where /= 


Ix +f (x)=0 


Since we have the natural frequencies for the cas 
I1=1, natural frequencies for an amplitude of twist 4° 
given by 
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FiGurE 5. Response curves for /,. 


Using this value of natural frequency, a better value 
of J, can be obtained from the curve y= (p). Repeating 
the process the frequency of free vibrations for a twist a 
can be obtained. It follows that the amplitudes of vibration 
at [, and are 


a and te a 

I,+1; I, +1, 
respectively. The amplitudes at the points 1, 2, 3, are 
obtained by using the relation (10). 


FORCED VIBRATIONS 

As with the Holzer method the solution of the problem 
of forced vibrations is much simpler than that of free 
vibrations in that the solution is obtained in one operation. 

Once again, consider the example of Fig. 3 with 
impressed torques Q, cos Pt, Q., cos pt, Q,cos pt and 
Q,cos pt acting on discs 1, 2, 3 and 4. This represents 
the case of a multi-cylinder engine running at a major 
critical speed, i.e. a speed at which the exciting forces are 
in phase. 

Under conditions of steady forced vibration the entire 
system will be vibrating with frequency p. Then by 
tepeated application of (9) we can obtain the simple system 
shown in Fig. 4. 

The equation of motion of the system will be 
-K+f(Q)= 0.7 (11) 

Comparing with the solution of (4), the amplitude of 
twist a is given by the intersection of the curve y=F’(x) 


and the straight line 
. 
y=Q2. i. 


Also by equating torques, 
Q..cos pt +1,a,p? cos pt+1.,a,p? cos =0. . (12) 


Since a=a,-4a,, we get 


(13) 
Q. I. 


a 


The amplitudes at the points 1, 2 
using equation (10). 


and 3 can be obtained 


Numerical Example.—The configuration of Fig. 3 is 
used with the following numerical values 


1, =1,=1,=1,=10 Ib. in.?/386 
k, =k, =k, =2,000 lb. in./rad. 
1, = 200 Ib. in.?/386 
f (x)= (1,000 x + 200,000 x*) Ib. in. 


Q,=2,=Q20,=Q,=0-2 p® |b. in. where p=circular fre- 
quency of exciting force in radians per sec. 

Figure 5 shows the amplitudes of steady forced vibration 
at J, obtained by the method given in this note. It is 
interesting to note that the “steepness” of the response 
curves is greater at the higher resonances. It would 
appear that, in this example, the non-linear coupling has 
its greatest effect near the first resonance. 

In the example considered there is only one disc to the 
right of the non-linear section. But it is easily seen that 
the method can be applied to a case where there is a 
multi-rotor system on either side of the section. 
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THE FUTURE OF THE ROYAL AIR FORCE 


An extremely interesting and lucid lecture on “The 
Future of the Royal Air Force” was given on Thursday 
26th September by Mr. Charles Orr-Ewing, Parliamentary 
Under-Secretary of State for Air. 

Mr. Orr-Ewing began his lecture with a brief resumé 
of Britain’s Defence expenditure since the end of the 
1939-45 War. Our whole Defence System had been allowed 
to run down after 1945 until the beginning of the Korean 
War in 1950, since when expenditure had gradually 
increased until, by 1956, 5s. 5d. of each £1 received by the 
Exchequer was being devoted to re-armament. These 
trends are clearly illustrated in Fig. 1. 


% OF GROSS NATIONAL PRODUCT 


2) 


U.K. defence as a percentage of gross national 
product. 


Ficure 1. 


In 1956, Britain’s defence expenditure was the highest 
of any West European or Commonwealth Nation and 
apart from those of the U.S.A. and possibly Sweden was 
the highest of the Western World (Fig. 2). 

It is against this background and the knowledge that 
armaments must be compatible with economic stability 
that our General Defence Policy and, in particular, our 
Air Defence Policy should be judged. The breakdown of 
defence expenditure between the three Services and the 
Ministry of Supply during 1956 is shown in Fig. 3. 

Today’s Royal Air Force has to be prepared for action 
in a number of widely differing roles. The V-bombers 
must be kept in a high state of readiness, able to retaliate 
immediately should this country be attacked. The function 
of Fighter Command is to protect the Bomber bases and 
ensure that our retaliatory weapons will not be destroyed 
on the ground in a surprise attack. As long as Russia 
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FicurE 2. Defence expenditure of the Western World for 


1956 (expressed as percentage of gross national product.) 


Section 


ARMY 
28:2% 
230,000 
PERSONNEL 


R.A.F. 
343% 
180,000 
PERSONNEL 


FiGurE 3. Breakdown | Wt 
of U.K. defence inv 
expenditure for 1956, inv 


MINISTRY 
OF SUPPLY 


I38% 


maintains a threat with manned bombers, then manned 
fighters will have an important part to play. Even ina | 
few year’s time when the Russians’ medium-range ballistic 
missiles are in Operational service, we will continue to 
depend for retaliation largely on our bombers. Their 
protection will then depend partly on dispersal, partly on — S¢ 
having some continually in flight and partly on scrambling fe 
some during the 10 minutes warning of an approaching _ spe 
missile. app 
In addition to nuclear warfare, the R.A.F. has to be| _ effe 
prepared to assist in dealing with local disturbances similar ? _ aut! 
to that which recently occurred in Oman. Aircraft such] that 
as the English Electric P.1 will be most unsuitable and] pre 
uneconomical for this role and there may therefore be vari 
a requirement for a specialist aircraft to be used on these 
occasions. Transport Command will also be involved, | 
both with long range aircraft such as the Britannia for be 
ferrying troops from a central base to the theatre of oper- 
ations and, with more rugged machines like the Beverley, the 
for general transportation of equipment and personnel mat 
within the theatre. Helicopters and short take-off and)  scoy 
landing aircraft, such as the Scottish Aviation Pioneer, and 
will become more widely used in anti-terrorist operations try 


or in limited wars close up to the front. deal 
_ The family of Guided Weapons will gradually be — exay 
introduced into our Defence System. ‘ 


There are, however, an enormous number of problems tei 
to be tackled and solved before a fully automatic and\ fo, | 
reliable Weapons System, capable of intercepting and’  ¢¢ 
destroying an attacking missile, can be brought into service. 


Until the threat is not only largely but entirely from — 
ballistic missiles, manned aircraft will have a vital role to aw 
play in our Defence. that 
The lecturer concluded by asserting that our V-bombers : “1 

a 


were the best machines of their kind in the world today. 
It was important, however, that the British contribution ) they 
to the West’s deterrent should not only be effective now, — titan 
but should remain so as new Russian weapons are brough! —_LESL 
into service.—G.E.D. 
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WINTER DANCE 63s, 

The annual Winter Dance of the Section will be held 01 T 
Friday 29th November at 8.0 p.m. at 4 Hamilton Place ence 
As usual tickets will include refreshment, both solid and Tesea 


alcoholic, and the M.C. will be Hugh McCamley whos — ‘Wo 
band will provide the music as in previous years. book 

Tickets for the evening, are only 8s. 6d. (I don’t kno¥ — auroy 
how we do it for the price!) from your Committe and 
Members or direct from Nigel Benson, 14 Wakering Road. exper 
Barking, Essex. Non-members are welcome. prese 
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PRACTICAL MICROSCOPICAL METALLOGRAPHY. 
Richard Henry Greaves and Harold Wrighton. Chapman and 
Hall, London, 1957, 221 pp. Illustrated. 70s. 

For the past half-a-century, the microscope has been 
a tool of outstanding importance to all metallurgists. 
Whether for research on metals and alloys or for the 
investigation of service behaviour and of failure it is 
invaluable. But it is of little worth unless it is properly 
used: bad microscopy may be devastatingly misleading 
and good microscopy is secured only by respecting the 
techniques of the art. To practising metallographers, 
desiring to know all about their subject, this book is 
perhaps the most helpful ever written. Without doubt it 
derives much of its value from its authors’ vast experience 
of metallurgical microscopy. It has justly become a classic 
as well as a standard publication. 

The authors recognise the several factors contributing 
to success in microscopy and they deal sufficiently with 
them all. The special features of the instruments them- 
selves and the best ways of obtaining good photographs 
are fully covered. The problems of selecting representative 
specimens, polishing them properly, choosing the most 
appropriate etching medium and then using it in the most 
effective manner are dealt with satisfactorily. But the 
authors appreciate what is sometimes forgotten, namely, 
that the really important thing in microscopy is the inter- 
pretation of what is revealed by scanning a specimen at 
various magnifications. Experience is naturally of great 
assistance in reaching sound conclusions, but even it may 
be a broken reed if the observer is not well grounded in 
the characteristics of alloy systems. Very wisely, therefore, 
the authors devote a high proportion of their book to such 
matters, particularly to those that can be studied micro- 
scopically. They deal with pure metals, steels both simple 
and alloyed, with irons and non-ferrous materials. The 
structural effects produced by heat-treatment are naturally 
dealt with too. Most metallic, aircraft materials are 
examined. 

Such a discussion might easily be dry and a little 
tedious. In the hands of the authors it is quite the reverse, 
for the whole subject is beautifully illuminated by a wealth 
of most admirable photomicrographs which have been 
superbly reproduced. As a picture book alone this volume 
isworth the money. If any metallurgical laboratory exists 
that has not yet acquired this book the omission should 
at once be repaired. The purchasers will not greatly mind 
that the electron microscope is barely touched on although 
they may justly regret that in a 1957 edition neither 
titanium nor its alloys is so much as mentioned.— 
LESLIE AITCHISON. 


SCIENTIFIC USES OF EARTH SATELLITES. James A. 
> Allen. Chapman & Hall, London, 1956. 316 pp. Diagrams. 

S. 

The editor of this volume is one of the most experi- 
enced American workers in the field of high altitude 
Tesearch by means of rocket test vehicles. He contributes 
two of the thirty-three short papers which comprise the 
book (those on cosmic ray observations and the study of 
auroral radiations), and the several dozen other authors 
and co-authors nearly all share his particular type of 
expert background. In fact, all the papers were originally 
Presented at the tenth anniversary meeting of the Upper 


Atmosphere Rocket Research Panel, at the University of 
Michigan in January 1956. 

There is no doubt that the result is an authoritative 
work of reference, but potential readers from the member- 
ship of this Society should realise that the subject matter 
of the book, as its title clearly implies, is the use of the 
satellite for physical research, not the satellite itself. Apart 
from the first paper (by Davis, Whipple and Zirker) on 
the satellite orbit, there are none of direct aeronautical or 
astronautical application. Of course, quite a few have a 
considerable indirect interest for specialists in certain fields. 
Among these are papers dealing with suggested experi- 
ments for determining residual air density, visibility 
parameters, and radio propagation characteristics, at 
extreme heights.—a. V. CLEAVER. 


SPACE RESEARCH AND EXPLORATION. D. R. Bates and 
Patrick Moore. Eyre & Spottiswoode, London, 1957. 224 pp. 
Illustrated. 25s. 

The senior editor is Professor of Applied Mathematics 
at Queen’s University, Belfast; he contributes the chapter 
on upper atmosphere research, a subject on which he has 
been personally engaged. In fact, he still is, in collabor- 
ation with Professor Massey, who writes on the Earth 
Satellite Programme. With one exception, the remaining 
ten contributors are all prominent members of the British 
Interplanetary Society, such as Dr. Shepherd, Arthur 
Clarke, J. Humphries, and the associate editor, Mr. Moore. 

Together they have produced an excellent survey of 
a fascinating subject, covering most aspects of it: rocket 
motors and propellants, orbits, meteor and cosmic ray 
dangers, space medicine, space stations, and the moon and 
nearer planets, in addition to those already mentioned. 
While necessarily brief, the treatment is a pleasant change 
from that of the almost completely non-technical books 
on the subject, of which there have been such a spate. 
The volume is well-produced, and good value for money. 

It will inevitably be compared with the similar work 
sponsored by the B.LS. itself (‘Realities of Space Travel”: 
Putnam, reviewed in the September 1957 JoURNAL), which 
has appeared almost simultaneously, by a curious coin- 
cidence of timing. Both cover much the same ground, 
and indeed have many contributors in common. 
Professor Bates’ book is cheaper, but goes into less tech- 
nical detail, being considerably shorter. It has the 
advantage of having alli its contributions contemporary, 
whereas the B.I.S. book is a collection of original papers 
from the Journal of that society, with a consequently 
enhanced historical value. Serious students of the subject, 
and libraries, will want to have both volumes on their 
shelves. 

In the work edited by Bates, Dr. Porter’s chapter on 
the difficulties of space navigation strikes a_ slightly 
discordant note, by placing an undue emphasis on these. 
Serious as they may be, it seems most unlikely that they 
deserve to be bracketed, as Dr. Porter suggests, with the 
basic problem of propulsion. This is not to disagree with 
his plea that it should be recognised that all branches of 
science will need to co-operate to achieve the conquest of 
space; such a condition is a prerequisite for the solution 
even of the propulsion problem—the engineer is under no 
delusion, as Dr. Porter seems to think, that he can do that 
all by himself, let alone the complete task !—a. V. CLEAVER. 
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OPERATIONS RESEARCH, ARMAMENT, LAUNCHING. 
G. Merrill and others. D. van Nostrand, Princeton, N.J., 1956. 
508 pp. Illustrated. 75s. 

This third volume in the series on Principles of Guided 
Missile Design has three main divisions which differ rather 
markedly in their content and treatment. Much has been 
heard of the magic methods of operations research since 
the later war years. One is perhaps a trifle disappointed 
therefore to find in the opening Chapters of the book, 
which give an eulogy of the value of operational research, 
that the only magic is the skilful way in which the Editor 
of the Series has evolved definitions of the primary roles 
of the three Services which give no hint of the intensive 
inter-Service struggles for control of the huge U.S. missile 
programmes and budgets. Chapters 3, 4 and 5 describe 
the broad scope of studies ranging from missile armed 
fighter interception probabilities to the determination of 
carrier striking force requirements in terms of logistic costs, 
missile atomic warhead stockpiles and enemy target values. 
The treatment of these studies cannot be of much interest 
to the layman, nor of any real value to expert workers. 
Of more definite value is the survey of the commonly used 
concepts of probability and statistical theory given in 
Chapter 6. It is interesting to note the reference to “a 
relatively unknown Englishman by the name of F. W. 
Lanchester” who produced the now famous Square Law 
relating the relative effectiveness of opposing forces in 
battle. Chapter 7 gives a number of examples, often 
unnecessarily complicated, of operational analyses as 
applied to guided missiles; some of them could more 
properly be called performance estimates. 

The Section on Armament suffers from undue padding 
and a tendency to give lengthy definitions of rather obvious 
terms; in Chapter 5 it eventually settles down to a long 
qualitative account of various missile warhead types, 
including a psychological warhead! This Chapter ends 
with an interesting diagrammatic representation of the 
nuclear explosion process and its effects, which gives some 
quantitative data on blast pressures, fireball characteristics, 
bomb velocity, and so on, but those on radiation dosage 
may have limited significance in these days of “clean” 
bombs. Chapter 6 covers fuse requirements for anti- 
aircraft missiles with some simple theoretical analysis of 
the final encounter. In Chapters 7 and 8 there is a long 
and discursive treatment of safety and arming and general 
engineering problems of warheads with a final purely 
qualitative and rather rambling section on testing of 
armament systems. The author has obviously been badly 
handicapped by security, as in fact he himself hints; a 
more succinct statement of the limited unclassified infor- 
mation would have been more readable. The frequent 
use of the abbreviation S and A for “safety and arming” 
leaves the British reader hovering between nervous 
irritation and a tendency to wonder whether the Russian 
spelling of this particular abbreviation will remind Russian 
translators of the explosive international situation created 
by a famous incident a year ago. 

The last Section, on Launching, gives a useful and 
straightforward introduction to the stressing problems met 
in launcher structural design. This is followed by a 
description of the various types of boost motor in common 
usage and a general discussion of launching and boost 
phase problems in air, submarine, ship and land-launched 
missiles. It is clear that the author speaks with the voice 
of experience and much useful advice on board design 
practice is given, coupled with a number of quantitative 
examples and photographs. 

Despite a certain amount of unnecessary elaboration 


and even repetition, the book succeeds in covering system 
assessment, lethality and launch/boost aspects of the main 
classes of guided missiles to a level adequate for technical 
and military personnel who need a comprehensive but not 
too detailed survey and guide to these subjects. The 
printing, layout and illustrations maintain a high standard 
throughout and the book forms a useful successor to the 
first two volumes in the Series.—w. H. STEPHENS. 


JETS, WAKES AND CAVITIES. G. Birkhoff and E. H. 
Zarantonello. Applied Mathematics and Mechanics: Volume 
Two. Academic Press, New York. Academic Books, London, 
1957. 353 pp. Illustrated. $10.00. 


This book, the authors tell us, is intended to provide 
a fairly complete and rounded treatment of the subject 
matter. As such it is an important book, for the original 
sources of the material are extremely widespread, ranging 
from the purest of pure mathematics to problems solved 
by little more than “engineers intuition,” and from 
mathematics of doubtful physical significance to experi- 
mental results under controlled laboratory conditions. 

The authors have succeeded in covering an immense 
amount of ground in little more than 300 pages, as a result 
of which it is occasionally somewhat difficult to read 
progressively through the book. Nevertheless, it should 
provide an excellent reference book for those whose 


interests lie in the fields of jets, wakes, and cavities. There | 


is a bibliography of nearly 100 general references and 
about 100 references are given as footnotes to individual 
problems. 

The scope of the book is indicated in Chapter I. 
Chapters II-XI are wholly devoted to inviscid flows with 
free boundaries. Separate chapters consider individual jets 
and cavities (II), impinging and dividing jets (III), systems 
with multiple plates, such as Riabouchinsky flows (V), or 
with curved obstacles (VI). General analytical consider- 
ations, including problems of existence and uniqueness, 
are given in Chapters IV (simple flows) and VII (arbitrary 
obstacles). The effects of compressibility and gravity are 
also considered (Chapter VIII). In Chapter IX the authors 
consider methods of computing the solutions to the above 
problems, including the use of electronic machines. Axi- 
symmetric flows, including bubbles and swirling flows are 
dealt with in Chapter X, while the problem of the collapse 
of bubbles is included in Chapter XI on unsteady potential 
flows. This chapter also considers impact forces, and the 
stability of free-boundary flows. 

Consideration is then given to a range of problems 
involving viscous effects. Steady wakes and jets, including 
creeping flow, boundary-layer flows and exact similarity 
solutions, are in Chapter XII. Periodic wakes and jets, 
including discussions on the mechanism of the Karmén 
vortex Street, edge-tones and bird-calls, are given in 
Chapter XIII. 

Turbulent wakes and jets are the subjects of Chapter 
XIV, where a general qualitative discussion is followed by 
the classical mixing-length solutions. 

Finally (Chapter XV) there is a discussion of some 
experimental results which cannot be adequately explained 
on the basis of the theories developed earlier in the book.— 
N. CURLE. 


PRINCIPLES OF ENGINEERING INSPECTION. G. XK. 
King and C, T. Butler. Cleaver-Hume, London, 1957. 264 pp. 
Illustrated. 25s. 

Nowadays the task of controlling the quality of even 
commonplace objects, such as nuts and bolts, may requife 
the services of experts in the fields of chemical analysis, 
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metallurgy, metrology. non-destructive testing, and, 
possibly, statistics. In the inspection of more complicated 
parts, and those whose failure in service might endanger 
life or result in a great deal of damage, the trend towards 
specialisation is even more pronounced. In consequence, 
the staff engaged in one branch of engineering inspection 
are often unfamiliar with the work of other allied branches. 

This trend has been reflected to a considerable extent 
in the literature in recent years, and there has been a steady 
stream of new books on the subject, dealing with separate 
and often relatively narrow fields. In the present volume, 
however, there are chapters on the inspection of both 
metallic and non-metallic raw materials, metallurgy, inter- 
pretation of engineering drawings, metrology, statistical 
methods of quality control, design and manufacture of 
gauges, Various inspection techniques for machined com- 
ponents, and for good measure, the final chapter gives 
guidance on the setting up of an inspection department. 
Since all this information is contained in just 259 pages, 
it follows that the authors have been unable to delve very 
deeply into the many subjects discussed. For this reason 
itis unlikely that a reasonably competent metallurgist, for 
example, will learn anything fiom the sections of the book 
which deal with metallurgy, for the information given is 
of the standard to be found in elementary text books on 
the subject. On the other hand, our metallurgist will very 
probably find much to interest him in other sections. The 
expert will, therefore, find this litthe book quite useful, 
providing he disregards the chapters dealing with his own 
particular subject. In this connection, however, it Is 
considered that the usefulness of the book would have been 
enhanced considerably by the inclusion of a bibliography. 
Authors of technical books have a duty to their readers 
either to describe equipments or methods in detail, or 
alternatively, to give references to the publications where 
such descriptions can be found. If this is not done, the 
student seeking to learn, and the engineering inspector 
seeking information, is liable to feel frustrated. 
W. THOMPSON. 


NIGHT FIGHTER. C. F. Rawnsley and Robert Wright, with 
a brief foreword by John Cunningham. Collins, London, 1957. 
Six pictures. One map. 368 pp. text. 18s. 


The joint authors were in the same night fighter 
squadron, but their tale is chiefly Rawnsley’s, the literary 
style Wright's. Sqdn. Ldr. Rawnsley first became Group 
Captain John Cunningham's air gunner before the war in 
Demons of 604 Auxiliary Squadron. During the war he 
was his air gunner and radar observer /navigator in 604 
and 85 squadrons flying Blenheims, Beaufighters and 
Mosquitos, and while Cunningham commanded each 
squadron he was its navigator leader. He came up the 
hard way, from AC-Plonk. 

A realm within the R.A.F., and comparatively few in 
number, night fighters became personalities apart, sharing 
mutual sorrows and joys. The authors write in detail of 
the combats wherein Cunningham and Rawnsley were 
partners. They outline the development of scientific night 
fighting equipment, and write of those engaged on it, and 
this enhances their book's value. 

There are vivid descriptions of night battles, with 
Moonlight streaming down on towering clouds as the Beau 
follows the sinuous flight of a Luftwaffe bomber, or 
blindly searches through damp mist enveloping everything 
Outside the cockpit in gloom yet icing up the wings. We 
read of Cunningham's patience, and understand what made 
him the excellent test pilot he is. His technique was to 
attack from below and behind, after first identifying his 
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victim as enemy beyond doubt, for sometimes ground 
controllers vectored night fighters on to British aircraft. 

There were nasty moments when the enemy air gunner 
turned his hose on to the stalker, once all but blinding 
Cunningham with a splinter of windscreen glass. Once a 
roaring dive after an FW.190 fighter-bomber almost 
stripped the plywood from the Mosquito’s fuselage. 
Another pilot drove in his Mosquito’s nose and lost control. 
Hazards of weather, combat, collision, and forced landing 
at night crashed up the loss rate through the Newtonian 
law. Small wonder that dicky-seat riders regarded “ Isaac ” 
as their formidable personal foe! Their nights were filled 
with gremlins, visible when the aircraft flickered into 
phosphorescence with St. Elmo’s Fire. Tense nerves 
gradually over-tautened: “twitch” became a_ horrible 
companion, joining company unseen when the dispersal 
telephone shrilled for imminent take-off. Then courage 
to go on too often meant the end. Courage to stop was 
wisdom. Rawnsley was wise; he stopped when Cunningham 
was posted to 11 Group headquarters, both greatly decor- 
ated. 

If you don’t know what it was like to struggle in a 
Beau with heavy ammo pans when you had to pull them 
up under heavy g instead of pushing them down to reload 
the guns: if you never felt the lift on your underpants of 
a Mossie curving from a dive: if you never watched the 
pulsing blip that tracked an unseen Ju.88, nor saw your 
gunned victim disintegrate into flying pieces that came 
back to hit your nose and wings, nor flew through the 
premature explosion of an air-bursting V.2 rocket, this 
book will take you by the hand. If you don’t know the 
story of radar development cockpit-wise from Mark IV to 
Mark X, if you are ignorant of the tale of the blind 
following the blind through the enfolding night, this book 
will give you knowledge. And when you have learned 
how difficult it all was you will wonder how a German 
NF pilot shot down 122 victims, when a man like 
Cunningham claimed only 20, and all of 100 Group 
squadrons together destroyed but 236. 

Read this book. You will learn without tears. and 
often with a smile.—NORMAN MACMILLAN. 


ELEMENTS OF PARTIAL DIFFERENTIAL’ EQUATIONS. 
Tan N. Sneddon. McGraw-Hill, London, 1957. 327 pp. 56s. 6d. 


The student of applied mathematics usually acquires 
his knowledge of the theory of partial differential equations 
in a very piecemeal fashion. Instead of meeting the 
subject as a relatively coherent whole, he is taught as 
much as is necessary to develop the theory of each 
particular brand of applied mathematics. as occasion 
demands. While such a procedure amply demonstrates 
the practical basis of the subject, it leaves much to be 
desired in respect of uniformity of treatment. 

In providing the reader with a book in English which 
treats the subject as a whole and at the same time does 
not concentrate exclusively on its logical development, but 
gives many examples of practical applications, Professor 
Sneddon has done a considerable service. The style is 
clear and easy to read, there are numerous examples, both 
worked in the text and set at the end of a section or 
chapter, solutions being provided to “the odd-numbered 
examples.” 

The first chapter is devoted to ordinary differential 
equations in more than two variables and the second to 
partial differential equations of the first order. Following 
a general chapter on partial differential equations of the 
second order the last three chapters give detailed treatment 
of the major equations of physics: Laplace’s and Poisson’s, 
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the wave equation, and the diffusion equation. The various 
methods of solution, separation of variables, the use of 
integral transforms and so on, are all considered and 
the use of Green’s function is thoroughly discussed. Here 
in particular the advantage of treating the different types 
of equation in the same volume becomes very clear. 

The reviewer's interest in the subject, coupled with a 
feeling that he was probably getting a little rusty in some 
branches of it, led to his reading the text with more than 
usual care, and even solving “the odd-numbered examples.” 
And here he met the book’s one really serious defect; it 
contains numerous errors. While the great majority are 
typographical, some of these can nevertheless be misleading 
to a student new to the subject; and there remains those 
which are of a more fundamental nature. For example 
some half-dozen of the solutions given to examples are 
wrong and the proof of Duhamel’s theorem is not complete 
for the conditions given, while a particularly misleading 
error occurs unfortunately in what is perhaps the least 
satisfactorily treated subject, that of characteristics. While 
the author has quite properly excluded numerica! methods 
from his book, the subject of characteristics is at best only 
partially understood if no mention is made of their practical 
use in this context. The proof of Riemann’s method of 
solution of hyperbolic equations seems rather unnecessarily 
general and could well be preceded by a very simple 
treatment of characteristics. 

While it is a pity that, due presumably to hurried 
compilation and proof reading, so many errors have been 
allowed to remain in this book, it is otherwise excellent 
and should prove very useful to the mathematicians, 
physicists and engineers for whom it is intended.— 
E. T. GOODWIN. 
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PHYSICS OF NON-DESTRUCTIVE TESTING, Supplement 
No, 6 of the British Journal of Applied Physics. Institute of 
Physics, London, 1957. 71 pp. Illustrated. 25s. 


The contributions published in this Supplement are 
selected from those presented at recent meetings of the 
Non-Destructive Testing Group of The Institute of Physics, 
They include most of those read at the Conference held 
in Bristol in July 1956. 


The purpose of presenting this collection is to enable 
engineers, metallurgists and all those concerned with non- 
destructive testing, to appreciate the importance of the 
new methods which are resulting from applications of 
physics to this field and to give them an opportunity of 
considering how far further suggestions for utilising the 
physical behaviour of substances under various conditions 
can be used and developed as methods for non-destructive 
testing. 


JAHRBUCH 1956 DER W.G.L. Wissenschaftlichen Gesell- 
schaft Luftfahrt E. V. Viewig, Braunschwieg, 1956. 247 pp. 
Illustrated. DM.38. 


The growth, since its re-birth in 1952, of the Wissen- 
schaftlichen Gesellschaft fiir Luftfahrt, might be taken as 
a symbol of the growth of aeronautics in Germany. This 
growth is reflected in the papers of the Society's Jahrbuch. 


The W.G.L. now has conferences with A.F.I.T.A. and 
with the Austrian body and papers from each are included 
in the current volume. The volume ends with information 
about the society, such as its list of members, the holders 
of its honours and awards, obituary notices, a review of 
the year, and so on.—F.H.S. 


Additions to the Library 


A.LC.M.A. PROCEEDINGS: SECOND EUROPEAN AERO- 
NAUTICAL CONGRESS 1956. 1957. 
Arnold, E. Rescue. Gollancz. 18s. 1957. 


Beal, J. L. and Lyerly, R. L. THE INFLUENCE OF Gas 
DISSOCIATION ON HEAT TRANSFER. W.A.D.C. Tech. 
Report, 56-494. Wright Air Development. 1956. 


*Bruce, J. M. BRITISH AEROPLANES 1914-1918. Putnam. 
£12 42s. . 1957. 

Buedeler, W. OPERATION VANGUARD. Burke. I6s. 1957. 

Clostermann, P. Feux pu Flammarion. 15s. 


1951. 

Cole, T. E. et al. Atomic Reactors (A SYMPOSIUM). 
S.M.F. Fund Paper FF-17. 1.A.S. $1.75. 1957. 

Collier, B. LEADER OF THE FEW (LorRD DOWDING). 
Jarrolds. 25s. 1957. 

Fox, L. NUMERICAL SOLUTION OF TWO-POINT BOUNDARY 


PROBLEMS IN ORDINARY DIFFERENTIAL EQUATIONS. 
O.U.P. 60s. 1957. 
Freeman, J. W. and Voorhees, H. R. RELAXATION 


PROPERTIES OF STEELS AND SUPER STRENGTH ALLOYS AT 
ELEVATED TEMPERATURES. S.T.P. 187. A.S.T.M. 38s. 
1956. 
Gatewood, B. E. THERMAL STRESSES; WITH APPLICATIONS 
To AIRPLANES, etc. McGraw-Hill. 56s. 6d. 1957. 
Ghaswala, S. K. SOME ASPECTS OF THE PLASTIC DESIGN 
OF ALUMINIUM STRUCTURES (Reprint). Int. Assoc. for 
Struct. Eng. 1956. 

1.A.T.A. AIR TRANSPORT STATISTICS. 
S00. 4957. 

Jacobius, A. J. and Wilkins, M. J. 


1957 issue. 


AVIATION MEDICINE 


—A LIBRARY OF CONGRESS BIBLIOGRAPHY. Library of 
Congress. 40s. 1956. 
Kirschner, E. J. THE ZEPPELIN IN THE ATOMIC AGE. 


University of Illinois Press. 29s. 1957. 


SNAP- THROUGH AND 
CYLINDRICAL SHELLS 
(Univ. Ill. 


Langhaar, H. L. and Boresi, A. P. 
PosT-BUCKLING BEHAVIOR OF 
UNDER THE ACTION OF EXTERNAL PRESSURE. 
Bull 443.) University of Illinois. 1957. 

Logan, J. G. THERMODYNAMIC CHARTS FOR HIGH TEM- 
PERATURE ‘AIR CALCULATIONS (2,000 K to 9,000°K). 
Cornell Aero. Lab. 1956. 


Munse, W. H. er al. STRENGTH OF BRAZED JOINTS IN 


CopPpER AND Copper ALLOYS (Univ. Ill. Rep. 57). 
University of Illinois. 1957. 

O.N.E.R.A. ComMPTES RENDUS: JOURNEES INTER- 
NATIONALES DE SCIENCES AERONAUTIQUES. — ler Partie. 


1957. 

“Payne. S: A/Cdre: 
1957. 

Perry, E. S. and Durant, J. H. (Editors). 
SYMPOSIUM ON VACUUM TECHNOLOGY : 
Pergamon. 1957. 

Southwell, R. V. RELAXATION METHODS IN ENGINEERING 
Science. O.U.P. 18s.+ 1940. 

Strong, J. PRojeECT VANGUARD (Aeroplane 
Temple Press. 2s. 6d. 1957. 

Treanor, C. E. and Logan, J. G. Tasies oF THERMO- 
DYNAMIC PROPERTIES OF FROM 3,000°K 10 
10,000°K. Report No. AD-1052-A-2. Cornell Aero. 
Lab. 1956. 

Urry, S. A. SOLUTION OF PROBLEMS IN STRENGTH OF 
MATERIALS. Second edition. Pitman. 20s. 1957. 
Wallace, G. R.A.F. BiGGIN Hitt. Putnam. 21s. 1957. 
Wilson, O. PROGRESSIVE EXERCISES IN Puysics. Heine- 

mann. 2s. 6d. 1952. 

IX CONGRES INTERNATIONAL DE  MECANIQUE 
AppLIQuEE. Vols. | and VIII. Université de Bruxelles. 
£11 10s. the set. 1957. 


Air Dates. Heinemann. 42s. 
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Reports 


AERODYNAMICS 
BOUNDARY LAYER 


Some notes on shock-wave boundary-layer interactions, and on 

the effect of suction on the separation of laminar boundary 

layers. N.C. Bray. €:P.332. 957. 
A brief review is given of a theory, due to Crocco and Lees. 
which can be used for a wide range of laminar and turbulent 
boundary layer problems. The results of applying this 
theory to the problem of shock wave boundary layer inter- 
actions are described. The same method is then applied to 
the problem of estimating the extent to which critical Mach 
number effects on a wing can be delayed by boundary layer 
suction.—(1.1.1.4 x 1.1.4.4 x 1.1.5.4). 


Note on the breakdown of the laminar separation bubble on 

the nose of a thin wing. R. A. Wallis and N. Ruglen. ARL 

Note A.161. May 1957. 
Wind tunnel experiments on a nose flap model support the 
theory that nose stalling on a thin wing is the direct result 
of turbulent separation from near the leading edge for 
moderate to high Reynolds numbers. The influence of the 
erey separation bubble on this separation is discussed. 
(1.1.4.1). 


An experimental investigation of laminar boundary layer 
profiles in a weak adverse pressure gradient at an incident 
Mach number of three. E. A. Racicot. UTIA Report 46. 
March 1957. 
Experimental pitot pressure profiles through laminar 
boundary layer in supersonic flow and under a weak adverse 
pressure gradient are compared with the predictions of the 
theory of G. M. Low. Some information is presented about 
the effects of probe geometry on the shape of the measured 
profile. (1.1.1.4). 


Flight measurements of boundary-layer temperature profiles 
ona body of revolution (N.A.C.A, R.M.-10) at Mach numbers 
from 1:2 to 3-5. A. G. Swanson et al. N.A.C.A. T.N. 4061. 
July 1957, 
A parabolic body of revolution, the N.A.C.A. R.M.-10, was 
flight tested at Mach numbers up to 3-5 and Reynolds 
numbers up to 140 x 10® (based on length to the rake and 
probe measuring station).—(1.1.2.4 x 1.2.3 « 1.9.1). 
COMPRESSIBLE FLOW-—see also BOUNDARY LAYER 
Interaction of a shock wave with a wire screen. 
UTIA Tech, Note 13. May 1957. 
The head-on collision of a plane shock wave with a wire mesh 
Screen in air has been studied experimentally in the shock 
tube. Two screens of 8 mesh-50 per cent blockage and 30 
mesh-62 per cent blockage were used with incident shock 
pressure ratios up to 12. Interferometer and wave-speed 
studies were made.—(1.2.3.2). 


W. J. Franks. 


Fabrication de maquettes a l'aide des matiéres plastiques. G. 

Dixmier. AGARD Report 22. February 1956. 
utilisation des matiéres plastiques renforcées au verre 
textile permet de fabriquer des maquettes qui répondent aux 
diverses conditions d’essais de l'aérodynamique expérimen- 
tale. La méthode de fabrication proposée consiste essen- 
tiellement a réaliser des “peaux” de maquette, rigides et 
creuses, par habillage de moules femelles avec du verre 
textile imprégné de resine.-(1.2). 


Reflection and refraction of acoustic waves by a shock wave. 

J. Brillouin. N.A.C.A, T.M. 1409. July 1957. 
This paper treats the problem of reflection and refraction of 
sound waves by a plane, uniform shock wave separating two 
regions, in both of which the fluid pressure and temperature 
are originally in equilibrum. Calculations are made of 
conditions that prevail in the two regions after the equili- 
brium in either one or the other region has been upset by 

oe of a plane, uniform acoustic wave. (1.2.3.2 x 


CONTROL SURFACES—See FLIGHT TESTING 


see also INTERNAL FLOW 


FLuIp DYNAMICS 


An introduction to the equations of magnetogasdynamics. 

J. A. Steketee. UTIA Review 9. April 1957. 
The purpose of this review is to facilitate the study of mag- 
neto-hydrodynamics and magneto-gas-dynamics for aero- 
dynamic scientists. The review is divided in two parts. In 
part A a short discussion of Maxwell’s equations in isotropic 
media at rest is given while the modifications are indicated 
which have to be made if the media are in motion. In part 
B the equations of Maxwell and the hydrodynamic equations 
are combined to obtain the usual equations of magneto- 
hydrodynamics. No special solutions of the equations are 
discussed; on the contrary the discussion finishes where the 
ordinary research report begins. —(1.4). 

INTERNAL FLOW—see also POWER PLANIS 

Theoretical analysis of incompressible flow through a radial-inlet 

centrifugal impeller at various weight flows. J.J. Kramer et al. 

N.A.C.A. Report 1279. 1956. 


A method for the solution of the incompressible non-viscous 
flow through a centrifugal impeller, including the inlet region, 
is presented. Several numerical solutions are obtained for 
four weight flows through an impeller at one operating 
speed. These solutions are refined in the leading-edge region. 
The results are presented in a series of figures showing 
streamlines and relative velocity contours. A comparison is 
made with the results obtained by using a rapid approximate 
method of analysis.—(1.5.2.2 « 1.4.1). 


Effect of sweep on performance of compressor blade sections 

ay indicated by swept-blade rotor, unswept-blade rotor, and 

cascade tests. W. R. Godwin. N.A.C.A. T.N. 4062. July 

1957. 
In order to determine the induced effect of sweep on an 
axial-flow compressor blade, a 30° swept version of an un- 
swept-blade rotor (described in N.A.C.A. T.N. 3806) having 
N.A.C.A. 65-series blade sections and a 0°69 hub-tip ratio 
was tested up to a Mach number of 0°45.—-(1.5.2.1). 

STABILITY AND CONTROL —see also MATHEMATICS 

An approximation to the slow mode of longitudinally disturbed 

motion of an aircraft in level flight. A.W. Thorpe. R. and M. 

2907. 1957. 
This report develops an approximate theory of longitudinal 
response which applies to the slow mode of motion after 
a disturbance. This theory is complementary to that for the 
quick-period motion given by Gates and Lyon (1944). It 
predicts the slow motions which occur after the quick-period 
motions have died out. The approximate equations given are 
of second order only and can therefore be solved algebrai- 
cally. This has been done and the general solutions are 
given in Tables | and 2. Some numerical examples have 
been computed to indicate the accuracy which can be 
expected.—(1.8.2.1). 


Some correlations of flight-measured and wind-tunnel measured 

stability and control characteristics of high-speed airplanes. 

W.C. Williams et al. AGARD Report 62. August 1956, 
Comparisons are made of some of the more important 
stability and control characteristics of three swept-wing 
aeroplanes as measured in flight and in wind tunnels. Wind 
tunnel data are used from high-speed closed-throat tunnels. 
a slotted-throat transonic tunnel, and a supersonic tunnel. It 
is shown that wind tunnels generally predict all trends of 
characteristics reasonably well but that there are differences 
in the actual values of parameters, which could be attributed 
to differences in the model caused by the method of support. 
The problem of non-linearities in derivatives obtained in 
wind tunnel tests, of aero-elastic effects, and of inlet effects, 
are discussed.—(1.8). 


Nore.—The figures in parenthesis at the end of each Summary are for office use only. 
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THERMO-AERODYNAMICS—-see BOUNDARY LAYER 
WINGS AND AEROFOILS 


rete coefficients for an oscillating delta wing. D. E. 
Lehrian. R. and M, 2841. 1957. 


A delta wing of aspect ratio 3 is assumed to be describing 
pitching and vertical translational oscillations of small 
amplitude in incompressible inviscid flow. The correspond- 
ing aerodynamic coefficients are calculated for values 0:24 
and 0-8 of the mean frequency parameter »,, (=pce,,/V), and 
certain of the coefficients are also obtained for W290. 


(1.0.1.2 x 2), 


Measurements of the aerodynamic derivatives for swept wings 
of low aspect ratio describing pitching and plunging oscilla- 
tions in incompressible flow. C. Scruton et al. R. and M. 2925. 
1957. 
The aerodynamic lift and moment derivatives for pitching 
oscillations in incompressible flow have been measured for 
two axis positions on (I) a clipped delta wing of aspect ratio 
1:2, (II) a complete delta wing of aspect ratio 1:6, and (III) 
an arrowhead wing of aspect ratio 1°32. The results for the 
arrowhead wing and the clipped delta wing are compared 
with values predicted by the vortex-lattice and the Multhopp- 
Garner methods of calculation. The results for the complete 
delta wing are compared with values calculated by Garner. 
and by Lawrence and Gerber.—(1.10.2.2 x 2). 


The determination of aerodynamic coefficients from flutter test 
data. W.G, Molyneux. C.P. 347. 1957. 


A technique is described that enables the oscillatory aero- 
dynamic coefficients for an aerofoil to be determined from 
data measured in flutter tests on the aerofoil. The method 
is attractive in that it dispenses with the excitation equipment 
that is usually required for oscillatory force measurements. 
Preliminary measurements have been made in a low speed 
tunnel on two rigid rectangular wings, and the results show 
that the technique is worth developing.—~(1.10.2.2 x 2). 


A preliminary investigation of the effect of a thin high velocity 
tip jet on a low aspect ratio wing. V. J, Smith and G. J. 
Simpson. A.R.L. Note A.163. June 1957. 


The application of a thin high velocity tip jet to a wing system 
results in a lift increase at a given incidence; this is not 
confined entirely to the wing tip vicinity but some lift 
increment is produced over the entire span. At the same 
time a significant decrease in drag at a given lift is obtained, 
at the higher lift coefficients. In all cases the jet extended 
over 80 per cent of the chord and issued in the spanwise 
direction, either horizontally or inclined downwards to the 
horizontal.—(1.10.2.2 


Theory of the circular wing in steady incompressible flow. 
E. van Spiegel. N.L.L.-T.N. F.189. January 1957. 


A lifting surface of circular planform with any downwash 
distribution in an incompressible flow is considered. The 
problem is formulated as a boundary-value problem for the 
Laplace equation. The complete solution of the physical 
problem can be written as the sum of the regular acceleration 
potential and a singular solution, which is singular only 
along the leading edge of the wing, and which contains an 
unknown weight-function. The resulting integral equation 
is replaced by an infinite system of linear algebraic equations. 
In order to arrive at numerical results the infinite set of 
equations is broken off. The fast convergence of the process 
is illustrated by some examples.—(1.10.1.2). 


TESTING AND INSTRUMENTS—See also AEROELASTICITY 
FLIGHT TESTING 
MECHANICAL ENGINEERING 


Special types of internal strain gage balances. T, L. Smith. 
AGARD Report 7. February 1956. 


A description of four special-purpose strain gauge balances 
is given: a three-component balance with special design to 
give small interaction of normal forces on drag, a four- 
component balance for measuring of damping in pitch, and a 
balance for giving front and rear normal force designed for 
long slender bodies.—(1.12.6.2). 
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Inspection techniques applied to the metrology of aerodynamic 

models. H, T. Hill. AGARD Report 24. February 1956, 
An appreciation of the problem confronting the metrologist 
in inspection techniques for wind tunnel models. Details are 
given of the present inspection methods employed by the 
Royal Aircraft Establishment, and thoughts on further 
development to improve the accuracy and speed at which 
these three-dimensional models can be inspected. (1.12), Se 


Pressure probes at very low density. K. R. Enkenhus. UTIA 
Report 43. January 1957. 
Experimental tests of conventional impact probes and a new 
type of probe, called an orifice probe, the development of 
which is described in this report, were made in the transition 
flow regime and in free-molecule flow. The data may te 
applied to relate pressure readings to the free stream Mach D 
number when calibrating rarefied gas streams. The pressure 
distribution around a cylinder in free molecule flow was { 
determined by sir an orifice probe on its axis at several - 
subsonic Mach numbers, and the results agreed well with the 
theory. Similar measurements were made in transition flow in | 
a jet with a Mach number of 2 over a range of Reynolds 
numbers from 2 to 25. The bo on pressure readings of 
such factors as out-gassing, thermal tranpiration, orifice 
geometry, and so on, was investigated in detail.—(1.12.5), 


The development of a mass flow probe. E. R. Wolff. UTIA 
Tech, Note 12. January 1957. \ 
An investigation was made to determine all of the flow Di 
quantities in a supersonic free-stream or boundary layer, 
using the measured mass flow as one of the independent 
parameters. Two circular mass flow probes with an entrance De 
opening of 0:064 in. diameter and 0-040 in. diameter and 
suitable test equipment have been developed and tested in the | 
Institute of Aerophysics’ 5 7 in. supersonic wind tunnel. 
(1.12). | 


A_ voltage reference system for use with galvanometers in 
flight testing. D. F. Daw. N.A.E. Report LR-191. May 19957. 
The system enables flight test data from voltage transducers, 
such as thermocouples, to be corrected for changes in gal- 
vanometer sensitivity, galvanometer resistance and galvano- 
meter null. Changes of transducer resistance due to changes 
of temperature may also be compensated with this system. 
13): 


Techniques for testing models of VTOL and STOL airplanes. , 

J. P. Campbell. AGARD Report 61. August 1956. | 
This report describes briefly some of the techniques used bj | 
N.A.C.A. in research on VIOL and STOL aeroplanes 
(“vertical take-off and landing” and “short take-off and land- 
ing’). It deals mainly with ftree-flying model technique but 
a brief description is also given of some of the force-testing 
techniques. —(1.12.2). 


~ 


Brief description of the R.A.E. intermittent supersonic wind See 


tunnel plant. K. G. Winter. AGARD Report 66. August! 

1956. Son 
The plant is vacuum-operated on a closed circuit with storage AG 
of the air in a flexible container. The useful Mach number 


range is up to about 4:5. For the largest of the tunnels (5 1 
in. x 16 in.) the maximum running time is of the order o! 0 
20 seconds over the whole Mach number range. Runs 0! ¢ 
10 to 15 seconds duration can be made every five minutes. 0 
) a 


Design and development of the North American Aviation 
trisonic. wind tunnel. W. Daniels. AGARD_ Report ©. 
August 1956. 
The North American Aviation Trisonic Wind Tunnel, now — Tire: 
under construction, will be the largest blow-down wind tunne AG: 


in existence when completed. The large test section (7 ft. A 
7 ft.) and test speed range (Mach number range 0:2 to 3: $) ty 
the facility will satisfy the requirements for aerodynami ir 
testing to develop modern aircraft and missiles. (1.12.1). al 
English Electric proposed blow-down wind tunnel. F. 
Roe. AGARD Report 68. August 1956. is 
The need for wind tunnel facilities to fulfil the requirement 01 


of both Aircraft and Guided Weapons Divisions of th 
English Electric Company is discussed. The basic desig 
data for the two tunnels are outlined, and an estimate of th) kraj 
optimum characteristics obtained showing the economic 4% “6: 


Ven 
4 
| 
4 
= 
a 
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191 
967 THE LIBRARY—REPORTS BI 
mic) technical advantage of utilising a single power source for FLIGHT TESTING 
6. both tunnels. The performance of such a joint facility is 
rgist indicated. (1.12.1.3). See also. AERODYNAMICS—- TESTING AND INSTRUMENTS 
AEROELASTICITY 
ther The variable density high speed cascade wind tunnel of the 
hich Deutsche Forschungsanstalt fur Luftfahrt Braunschweig. H. The reduction to standard conditions of take-off measurements 
Schlichting. AGARD Report 91. February 1956. on turbo-jet aircraft. G. Jackson. R. and M. 2890. 1957. 
This report describes briefly the new variable density high A reduction method intended for routine use is derived 
TIA speed cascade wind tunnel of the Deutsche Forschungsan- whereby the take-off distance required for a turbo-jet aircraft 
stalt fiir Luftfahrt at Braunschweig. The tunnel is open-jet. to clear a 50 ft. screen under a specified set of standard 
new with Mach number range 0:2 to I'l, and a special feature conditions of air temperature and pressure. wind speed. 
t of is that Mach number and Reynolds number can be varied aircraft weight and engine speed can be deduced from the 
ition independently.—(1.12.1.1 x 1.12.1.2). distance measured in an arbitrary set of conditions. The 
y te method is basically similar to that used for piston-engined 
Nach Data on temperature stabilization and diffuser performance of aircraft and the only information required in addition to 
sure the 5 in. X 5S in. pilot blowdown wind tunnel. N. B. Tucker. that which , be observed is a numerical constant for the 
ain AGARD Report 92. August 1956. engine type.—(13.1). 
vere 
, 4 Experiments on temperature control and diffuser performance Some problems associated with the measurement of landing 
win | made with a 5 5 in. pilot tunnel to provide data for a distance. D. A. Lang. AGARD Report 31. February 1956. 
nolds 5 x 5 ft. blow-down tunnel to be constructed at the National a 
gs of Aeronautical Establishment of Canada are briefly described. d. the pare ‘call 
Temperature control is achieved by a closely packed random le bin ps yr 
5), arrangement of tin cans filling the reservoir volume. Per- ble f diff 
formance results for the variable throat diffuser are at Mach pL comparison ee 0 — - erent aircraft. Factors 
ITLA numbers from 2? to 4.—(1.12.1.3). affecting the landing distance are discussed, including 
\ approach technique, runway friction coefficients, variations 
( in braking force with tyre size and pressure and automatic 
flow Discussions following the presentation of papers strain braking systems. -(13.3). 
layer, gauges. (AGARD Reports 5-15). February 1956.—(1.12.6.2). 
ndent The determination of aileron effectiveness. R. R. Duddy. 
rance De lage-snelheids wind tunnel van de sub-afd. Vliegtuighouw- AGARD Report 73. August 1956. 
ee kunde der Technische Hogeschool. E, Dobbinga and J, A. Two methods of measuring aileron effectiveness in flight 
= ©! yan Ghesel Grothe. V.T.H. Rapport 77. 1955. (In Dutch). for comparison with the results of estimates and wind 
| A description is given of the new low speed wind tunnel tunnel measurements are described. Results obtained 
which was put into operation in the autumn of 1953. The on four aircraft show that the agreement obtained is not 
rs in tunnel shape is conventional with the exception of the particularly good but the tunnel measurements do indicate 
1957. arrangement of the test section and of the anti-turbulence the reduction in aileron effectiveness to be expected in flight 
asain screens which have been specially develoned for this tunnel. at high lift coefficients on swept wing aircraft.—{13.2 « 1.3.1). 
1 gal- In order to accommodate several tests for instruction pur- 
vano- poses. a number of interchangeable test sections have been Etalonnage d'incidence et de derapage. A. Boisson. AGARD 
anges provided; mounting of the models being done outside. the Report 77. August 1956. 
tunnel itself. The anti-turbulence screens can be hoisted 
: into a “screen-room” on top of the settling chamber. In this L’incidence est mesurée 4 l'aide d'une sonde spéciale. Cette 
way it is possible to change the turbulence level of the air- sonde détecte une différence de pression dont le rapport avec 
sisi Stream; furthermore the cleaning of the screens is facilitated. la pression dynamique est une fonction de l’incidence. Cette 
) The test section is of octagonal shape. 6 ft. wide and 4:1 ft. fonction est définie expérimentalement par des essais dits 
high. The air speed can be varied between 0 and 360 ft. /sec. étalonnage d'incidence™. Le dérapage est mesure suivant 
ed by by means of a Ward-Leonard svstem feeding the 650 h.n. un principe analogue. Ce document décrit les méthodes . 
planes drive. —(1.12.1.1). d’essai.—(13 x 1.12.5). 
| land: 
Ie but Lateral and directional control and the measurement of aero- 
testing AEROELASTICITY dynamic coefficients in steady asymmetric flight and in flight 
on asymmetric power. H. J. van der Maas. V.T.H. Rapport 
wind See also. AFRODYNAMICS--WINGS AND AEROFOITS 24. August 1954. 
A gus! STRUCTURES — TESTING Desirable control characteristics in steady asymmetric flight 
are discussed. Control position and control force stability 
sai Some aspects of ground and flight vibration tests. R. Mazet. parameters have been introduced for steady turns on ailerons 
umbe: AGARD Report 40-T. April 1956. and rudder only, as well as sideslip stability parameters for 
els (15 The object of the paper is to bring out two particular points steady. straight sideslips. Flight tests have been presented 
der of of the technique used at O.N.E.R.A. for the calculation of to determine these control stability parameters. Furthermore, 
uns 0! critical velocities of prototype aeroplanes from the results flight tests have been described to measure aileron and rudder 
utes. of ground vibration tests, and for flight verification of the effectiveness coefficients and a method has teen given to 
) aeroelastic stability of these same aircraft. (2 ~ 13 « 1.12). calculate from the results of tests in steady flight the stability 
; derivatives with respect to sideslip and rate of yvaw.—(13.2). 
viatio! 
rt 6. AIRCRAFT OPERATION 


MATERIALS 


nov Tire-runway braking friction coefficients. M.N. Gough et al. 


Plastic deformation of aluminum single crystals at elevated 
tune. AGARD Report 51. February 1956. 


temperatures. R. D. Johnson et al. N.A.C.A, Report 1267. 


‘ ‘ A brief review is made of the problem of obtaining adequate A study was made of plastic deformation of aluminium single 

viet tyre-runway braking friction coefficients for use in determin- crystals over a wide range of temperatures. Results are pre- 

_ ing the stopping distances of aircraft in landings. Methods sented of constant-stress creep tests, constant-load-rate tests. 

1). and instrumentation used by the N.A.C.A. for obtaining and constant-load creep tests. The effect of crystal orienta- 

FE friction-coefficient data from full-scale aeroplane landings are tion on the operative slip system was determined. The effect 

: described, and their limitations are discussed. Included also of small amounts of prestraining was studied.—(21.2.2). 
is a description of a friction-measuring cart to be towed 

ee over surfaces of interest.—(5). Development of craze and impact resistance in glazing plastics 

desi’ op hy multiaxial stretching. G.M. Kline et al. N.A.C.A. Report 

val th) eigenschappen van vliegtuigen met gasturhines in de 1290. 1956. 

nic an MMisvlucht. H. Wittenberg. V.T.H. Rapport 20. (In Dutch). The loss of strength of cast polymethyl methacrylate plastic 
~(5.2) as a result of crazing is of considerable importance to the 


166@- ~=6VOL. 61 


aircraft industry. In the course of this study of crazing the 
following factors were examined: (1) The effect of stress- 
solvent crazing on tensile strength of polymethyl methacry- 
late; (2) the critical stress and strain for onset of crazing at 
various temperatures; (3) the effect of molecular weight on 
crazing; and (4) the effect of multi-axial stretching on crazing 
of polymethyl methacrylate and other acrylic glazing 
materials. —(21.3.3). 


MATHEMATICS 
See also STRUCTURES—THEORY AND ANALYSIS 


Beproeving van de analogon rekenmachine van de sub-afdeling 
Vliegtuighouwkunde der Technische Hogeschool. M, J. van 
den Oever. V.T.H. Rapport 58. February 1956. 


Een vergelijking wordt getrokken tussen de door middel van 
een analogon rekenmachine verkregen oplossingen van enige 
stelsels lineaire differentiaalvergelijkingen en de numeriek 
berekende oplossingen van die vergelijkingen. De_ hier 
behandelde differentiaalvergelijkingen beschrijven de langs- 
en de dwarsbewingen van een vliegtuig.—(22 x 1.8.2.1). 


Algebraic methods for the numerical analysis of built-up 
systems. B. Langefors. SAAB T.N. 38. December 1956. 


An algebraic model for built-up systems is established and 
analysed. Known matrix procedures for electric and static 
systems appear as special cases. Other applications. more 
general, may be found later. New results are: a new. and 
more general basis for the analysis of built-up structures, a 
more intuitional treatment by the concept of transference, a 
new procedure for solving systems of equations in a piece- 
wise manner, a complete duality between force analysis and 
displacements anaylsis for  stiffened-shell structures, a 
formula for computing the redundancy of such structures. 
—(22 x 33.2.0). 


MECHANICAL ENGINEERING 


Precision machining techniques as applied to the manufacture of 
supersonic wind tunnel models. G. W. Rawlings. AGARD 
Report 23. February 1956. 
This report deals with the problems associated with the 
manufacture of scale models for supersonic and transonic 
wind tunnels and outlines methods employed to deal with 
these problems.—(23.4 x 1.12.1.3). 


POWER PLANTS 


Methoden voor berekening van de invloed van het inlaatrende- 
ment op de prestaties van straalturbines. H. Wittenberg. V.T.H. 
Rapport 21. June 1955.—(27.1 xX 1.5.3). 


PROPELLERS 
See FLIGHT TESTING 
FATIGUE 


See also STRUCTURES—-THEORY AND ANALYSIS 
AND TESTING 


Fatigue characteristics of a riveted 24S-T aluminium alloy wing. 
Part 1. Testing Techniques. J. L. Kepert et al. A.R.L. Report 
S5M.246. October 1956. 


The two testing techniques which were utilised for the static 
and fatigue testing of Mustang P-51D wings are described. 
A hydraulic loading rig was used for both the static and the 
high alternating load tests, while for the lower alternating 
load tests. in which the life exceeded 80,000 cycles. a resonant 
vibration rig was used. Details of the design and calibration 
of these rigs are given, together with results indicating that 
the methods of testing did not influence the fatigue life of the 
structure.—(31.2.4.2 x 31.2.1.1.4 x 33.3). 


SCIENCE-—GENERAL 


see AERODYNAMICS—COMPRESSIBLE FLOW 
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STRUCTURES 
Loaps 


The measurement and assessment of repeated loads on airplane 
components, P. Donely. AGARD Report 45. April 1956. 


The factors affecting the load statistics of modern aeroplanes 
are assessed on the basis of the N.A.C.A. studies of the 
repeated load problem. The loads arising from various 
sources are discussed and their importance to aircraft with 
various Missions are shown to vary. It is shown that much 
more data is desirable if co-ordinated load-histories for 
particular aircraft are to be predictable.—(33.1). 


see also MATHEMATICS 
STRUCTURES~—TESTING 


THEORY AND ANAYLSIS 


The deformation of a long swept wing with chordwise variation 
of the thickness. E. C. Capey. C.P.348. 1957 


The stress distribution in a long, swept-back. solid. thin wing 
under a bending moment or a torsional moment is calculated 
using the inextensional theory for thin flat plates. Solutions 
are given for all sweepback angles for strips whose cross- 
sections are rectangular, diamond shaped, parabolic and 
double wedge shaped.—(33.2.3.2). 


yariational approach to pure mode excitation based on 
characteristic phase lag theory. B. M. Fraejis de Veubeke. 
AGARD Report 39. April 1956. 
Characteristic phase lag theory is applied to the derivation 
of an energy principle for pure mode excitation at a resonant 
frequency. The principle is not restricted to small damping 
nor to a specific variation of damping coeftficients with 
frequency.—(33.2.4.0.10). 


The local instability of compression members built up from flat 
plates. A. van der Neut. V.T.H. Report 47. August 1952. 


The problem of local instability of structures, composed of 
flat plates, rigidly connected along the longitudinal edges, is 
essentially to find the interaction between the composing 
plates, resulting in equality of buckling stresses and wave 
lengths for all individual plates. An exact method. which 
reduces the amount of numerical work by applying nomo- 
grams is presented, giving the relation between buckling 
stress, wave length and edge restraint. The method can be 
applied to structures composed of an arbitrary number of 
walls. Explicit formulae have been given for structures with 
4 or less joints connecting the walls.—-(33.2.4.6.6). 
Buckling caused by thermal stresses. A. van der Neut. V.T.H. 
Report 68. June 1956. 
This report forms the draft of a chapter of a proposed 
A.G.A.R.D. publication on “High Temperature Effects on 
Aircraft Structures’.—(33.2.4.0.9). 
Post buckling behaviour of structures. A. van der Neut. V.T.H. 
Report 69. July 1956. 
A survey of existing knowledge on the  post-buckling 
behaviour of structures is presented. Particular attention is 
given to the case of flat plates.—(33.2.4.0.6 « 33.2.4.5.6). 


Determination of crippling stresses for curved frames of Alclad 

24S-T in bending. G. Anevi. §.A.A.B. T.N. 36. July 1956. 
The purpose of the investigation was to create a basis for 
deciding the dimensions of curved frames of 24S-T 
aluminium. 156 tests were performed. The testing method 
simulated the actual loading conditions. 
have been reduced to standard by means of a correction 
method based on special tests on frames of Alclad 75S-T. 
A method for deciding dimensions has been proposed. The 
test results have also been analysed with regard to weight 
effictency.—(33.2.4.4.2). 


The determination of a factor of safety on the basis of a single 

probability parameter. J. Kloos and F. Turner, §.A.A.B. T.N. 

37. June 1956. 
Strength tests on a small number of components. taken as 
a random sample from a larger series. can be used to deter 
mine the probability that the strength of a component will 
fall below a certain level, providing that the type of dis- 
tribution and the scatter is known, The factor of safety 
required between the mean strength of the sample and the 
maximum load permitted in service, to ensure that the 
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probability of failure will have a 
can be calculated without choice 


certain acceptable value, 
of a confidence level_— 


Interface thermal conductance of twenty-seven riveted aircraft 

joints. M. E. Barzelay and G. F. Holloway. N.A.C.A. T.N. 

3991. July 1957. 
27 structural joint specimens of 2024-T3 and 2024-T4 
aluminium alloy consisting of a T-stringer riveted to a 10 
by 10 in. skin surface were tested under simulated aero- 
dynamic heating with no external loading applied. Interface 
thermal conductance was determined from local transient- 
temperature records.{33.2.4.13.9). 


Some aspects of fail-safe design of pressurized fuselages. P. 

Kuhn and R. W. Peters. N.A.C.A.T.N. 4011. June 1957. 
Separate investigations have dealt with the critical crack 
length of flat sheets or of unstiffened cylinders and with the 
type of rupture experienced by stiffened cylinders. These 
investigations are correlated, supplemented by new tests, and 
combined into a uniform scheme for predicting critical crack 
length and type of rupture in stiffened pressurised cylinders. 
—(33.2.4.9.7). 


Fatigue-crack propagation and residual static strength of built- 

up structures. H, F. Hardrath and R. E. Whaley. N.A.C.A 

T.N. 4012. May 1957. 
Crack-propagation and static-strength tests in several types 
of built-up specimens and full-scale wings are reviewed. The 
results indicate that the rate of crack propagation is 
influenced strongly by the mode of connecting the skin to 
stringers and by the proportions of areas of the skin and 
stringers. The analysis of residual static strength of com- 
plex structures indicates the feasibility of applying simple 
methods, but the results are subject to questions regarding 
the redistribution of loads, interactions between various 
members, and such considerations as whether or not a crack 
terminates at a rivet.—(33.2.3.0 x 31.2.4.1). 


Recent’ research on the creep of airframe components. 
E.E. Mathauser etal. N.A.C.A.T.N. 4014. July 1957. 


The results of recent research of N.A.C.A. on the creep of 
airframe components at elevated temperatures are sum- 
marised. Experimental lifetime data from plates and un- 
stiffened circular cylinders are compared with predicted 
values. An analysis defining the magnitude of creep strains 
that produce significant structural deformations is presented. 
A comparison of structural weight determined from assumed 
strength and creep criteria is made to establish temperature 
ranges in which creep is expected - influence structural 
design for various materials.—(33.2.4.0.9 


Theoretical and experimental investigations of delta-wing 
vibrations. E. T. Kruszewski et al. N.A.C.A. T.N. 4015. June 
1957. 


The results of some theoretical and experimental investiga- 
tions of delta-wing vibrations are discussed. Nodal-line 
patterns and frequencies of a 45° built-up thin-skin delta- 
wing specimen obtained experimentally are compared with 
those calculated by the Levy method (with and without trans- 
verse shear) and by the Stein-Sanders method. Experimental 
nodal-line patterns and frequencies for a 60°  thick-skin 
delta-wing are also shown. —-(33.2.3.2). 


Studies of structural failure due to acoustic loading. R. W. Hess 

etal. N.A.C.A. T.N. 4050. July 1957. 
Some discussion of the acoustic fatigue problem of aircraft 
structures is given along with data pertaining to the acoustic 
inputs from some power plants in common use. Comparisons 
are given for results of some fatigue tests of flat panels and 
cantilever beams exposed to both random and discrete-type 
inputs.—(33.2.4.0.10 x 31.2.3.0). 


Effects of rapid heating on strength of airframe components. 

R.A. Pride et al. N.A.C.A.T.N. 4051. June 1957. 
Results of several experimental investigations are presented 
which indicate that thermal stresses reduce the bending 
load carried by beams and ring-stiffened cylinders at buck- 
ling. For beams that buckle locally, no apparent effect of 
thermal stress on the maximum load has been found. For 
beams that buckle in the wrinkling mode and for cylinders. 
a reduction in maximum load been observed.— 
(33.2.4.0.9), 


Two factors influencing temperature distributions and thermal 
stresses in structures. W. A. Brooks et al. N.A.C.A. T.N. 4052. 
June 1957. 


The influence of joint conductivity and internal radiation on 
temperature distribution and thermal stresses is discussed. 
Joints of poor conductivity can occur in normal fabrication 
procedure and greatly alter temperature distributions and 
increase thermal stresses. On the other hand, internal radia- 
tion tends to make the temperature distributions more 
uniform and thereby relieves thermal stress.—(33.2.4.0.9). 


The combination of thermal and load stresses for the onset of 
permanent buckling in plates. G. W. Zender and R. A. Pride. 
N.A.C.A. T.N. 4053. June 1957. 


A simple and practical method for evaluating the onset of 
permanent buckling in plates in the presence of combined 
thermal and compressive load stresses is outlined. A 
particular application of the method shows reasonable 
agreement with tests of 17-7 PH stainless steel square tubes. 
The results indicate that the compressive load stress which 
the plate can support at the onset of permanent buckling is 
substantially reduced as the temperature difference of the 
plate and adjoining members increases.—({33.2.4.5.6). 


Effect of transient heating on vibration frequencies of some 
simple wing structures. L. F. Vosteen et al. N.A.C.A. T.N. 
4054. June 1957. 


Thermal stresses, which may result from transient heating. 
can cause changes in the effective stiffness of wing structures. 
Effects of this change were investigated experimentally by 
radiantly heating three types of simple wing structures; a 
uniform plate, a solid double-wedge section, and a circular- 
arc multi-web-wing section. Changes stiffmess were 
determined by measuring the changes in natural frequency 
of vibration during transient heating. Some comparisons 
are made between theoretical calculations and the measured 
data.—(33.2.4.1.10). 


Effect of fatigue crack on static strength: 2014-T6, 2024-T4, 
6061-76, 7075-76 open-hole monobloc specimens. G. E. Nord- 
mark and 1. D. Eaton. N.A.C.A. T.M. 1428. May 1957. 


Static tensile test results are presented for specimens con- 
taining fatigue cracks. The results indicate that the presence 
of a fatigue crack reduced the static strength by an amount 
larger than the corresponding reduction in net area; the 
6061-T6 alloy specimens were least susceptible to the crack 


and the 7075-T6 alloy specimens most susceptible— 
(33.2.4.13). 
TESTING—-see also FATIGUE 


A high temperature compressive creep machine, C. S. Landau 
and A. R. Edwards. A.R.L. Note Met. 6. January 1957. 


A compressive creep machine is described, which is suitable 
for the testing of small specimens at loads of from 4,000 
to 40.000 p.s.i. at temperatures up to 950°C. and a 
sensitivity of 8 x 10-° in./in.—(33.3.1). 


Fatigue characteristics of a riveted 24S-T aluminium alloy wing. 
Part Il Stress analysis. M. R. Rice. A.R.L. Report SM.247. 
Octoher 1956. 


Strain measurements have been performed to determine the 
stress distribution in the critical areas of the P-51D 
Mustang mainplane.—(33.3.2.1 x 31.2.4.2). 


Experimentally determined naturat vivration modes of some 
cantilever-wing flutter models by using an acceleration method. 
P. W. Hanson and W. J. Tuovila. N.A.C.A. T.N, 4010. April 
1957. 


Three-dimensional views are presented of the first three 
natural vibration mode shapes of ten cantilever-wing models. 
A table of normalised deflections at six spanwise and five 
chordwise stations is included for each mode. These mode 
shapes were measured by a rather unique experimental 
technique using grains of sand as accelerometers. The 
technique, which is particularly suited for measuring mode 
shapes of small wing models, is described and some of the 
difficulties likely to be encountered in applying the 
technique are discussed.—(33.2.3.2 x 33.3.2 x 2). 
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Photoélasticité tridimensionnelle : aspects théoriques — et Rapid determination of core dimensions of crossflow gas-to-gas 
expérimentaux, C, L. Gaudfernau, Pub. Sc. et Tech. No, 330. heat exchangers. A. J. Diaguila and J. N. B. Livingood, 
1957. N.A.C.A. T.N. 3891. December 1956. 


Aprés un rappel des notions fondamentales sur lesquelles A generalised procedure is presented which permits a rapid 
repose la photoélasticimétrie, un chapitre est consacré a determination of the core lengths of cross flow gas-to-gas 
l'examen comparatif des différentes méthodes. Une autre heat exchangers. The heat capacities of both gases, inlet 
méthode est alors proposée. Basée sur l’analogie optique- and exit gas conditions on both sides of the exchanger, and 
élasticité dans un solide, elle met en €vidence, par des the exchanger core configuration must be known. The 
considérations géométriques et analytiques, la possibilité de calculation procedure is applied to two typical core con- 
mesures systématiques simples conduisant un dépouille- figurations with identical fluid one core 
ment facile. On prévoit l'emploi de calculateur électronique configuration with different fluid conditions. (34.3). 
ou de relevés graphiques rapides. Un exemple, connu 
théoriquement, illustre la méthode.—(33.3.2). A general system for calculating burning rates of particles and 
drops and comparison of calculated rates for carbon, boron, 
magnesium, and isooctane. K. P. Coffin and R. S. Brokaw. 
THERMODYNAMICS N.A.C.A. T.N. 3929. February 1957. 
A system with general equations for computing burning 
. : rates of small particles has been devised; the effects of 
Interaction of a free flame front with a turbulence field. M. diffusion, heat conduction, and dissociation are included, 
Tucker, N.A.C.A. Report 1277. 1956. The equations have been applied directly to carbon and 
Theoretical values are obtained for the root mean square boron and reduced to simpler forms used previously for 
flame generated turbulence velocities and the attenuating iso-octane and magnesium. The simpler computations 
pressure fluctuations resulting from a linearised interaction appear to give sufficient accuracy for many purposes. For 
of a constant pressure combustion front with a field of the combustion of boron particles, three graphs permit 
isotropic turbulence. The anisotropic flame generated rapid determination of burning rate for a wide range of 
turbulence is found to be of about the same intensity as ambient temperature and ambient partial pressure of oxygen. 
the incident turbulence. A brief discussion of turbulent -(34.1.1). 
flame speed is given. Directly at the flame the noise pressure 
levels characterising the pressure fluctuations are fairly Effect of chord size on weight and cooling characteristics of 
intense (59 to 81 decibels) even at moderate approach-flow air-cooled turbine blades. J. B. Esgar et al. N.A.C.A. T.N. 
turbulence intensities —(34.1). 3923. January 1957.—(34.3.4). 


Ignition delays and fluid properties of several fuels and nitric Further experiments on the stability of laminar and turbulent 
acid oxidants in temperature range from 70° to —105°F. R. O. hydrogen-air flames at reduced pressures. B. Fine. N.A.C.A, 
Miller. N.A.C.A. T.N. 3884. December 1956. T.N. 3977. April 1957. 


Stability limits for laminar and turbulent hydrogen-air 

burner flames were measured as a function of pressure, 
water. nitrogen tetroxide. sulphuric acid. ammonium nitrate. burner diameter. and composition. On the basis of a 
potassium nitrate. and perchloric acid. red fuming nitric simple flame model, turbulent flashback involved a smaller 
acids containing about 19 per cent nitrogen tetroxide and 


percent water mete best for tow end thext effective penetration distance than laminar flashback. No 
current theoretical tr edicts the observed pressure 
ignition delays in the N.A.C.A. open-cup apparatus. Of oretical treatment predicts the observe? pecans 


iamete aminar ar b - 


triethylamine were fluid and gave short delays at —76°F;: 
at very low temperatures 30 per cent o-toluidine in tri- 


Effect. of standing transverse acoustic oscillations on fuel- 
ethylamine gave the shortest delays with low-freezing red é 
fuming nitric acid.—(34.1.1) oxidant mixing in cylindrical combustion chambers. W. R. 


Mickelsen. N.A.C.A.T.N. 3983. May 1957. 
Vapour fuel-oxidant mixing is analysed for standing trans- 
Investigation of transient pool boiling due to sudden large verse acoustic fields simulating those existing in screeching 
power surge. R. Cole. N.A.C.A. T.N. 3885. December 1956. or screaming combustors. The additional mixing due to 
The transient heat-transfer characteristics of a system the acoustic field is shown to be a function of sound pressure 
composed of a nickel ribbon immersed horizontally in a and frequency, stream velocity. and turbulence. The effects 
pool of water were determined at atmospheric pressure for of these parameters are shown graphically for a realistic 
average heat generation rates of 3. 10. and 20 x 10° range of combustor conditions. The fuel-oxidant ratio at 
B.Th.U./(hr.) (sq. ft.). and fluid bulk temperatures from various combustor stations is shown to have a_cyeli¢ 
76° to 203°F. The power surge duration was limited to fluctuation which is in phase with the pressure fluctuations, 
30. milliseconds.—(34.3). Possible mechanisms contributing to screech and scream are 
discussed.— (34.1.1). 


Effect of concentration on ignition delays for various fuel- Propagation of a free flame in a turbulent gas stream. W. R. 
oxygen-nitrogen mixtures at elevated temperatures. _ E. Mickelsen and N. FE. Ernstein. N.A.C.A. Report 1286. 1956. 
Anagnostou et al. N.A.C.A, T.N. 3887. December 1956. Effective turbulent free-flame speeds measured in turbulent, 


Ignition delays for mixtures of ethane, n-butane, isobutane. flowing propane-air mixtures are found to have statistical 
hydrogen. or propane with oxygen and nitrogen were distributions about mean values. The statistical spread 
measured at various temperatures and fuel and oxygen was greater for rich and lean fuel-air ratios and at 
concentrations using a flow system. Ignition delays for all high turbulence intensities. The measured flame speeds. 
fuels were inversely proportional to fuel concentration to together with hot-wire-anemometer measurements, formed 
some power between 0:6 and 1-7. They also decreased a basis for comparison with three theories and other types 
slightly with increasing oxygen concentration and decreased of flames. Although the free-flame speeds are lower than 
with increasing temperature. Two experimental procedures those for turbulent Bunsen and _ stabilised flames, values 
were used. and these gave different absolute values for the calculated from the Tucker analysis and a modified Scurlock- 
delay but the trends observed were the same by either Grover analysis seem to form an upper limit to the turbw 
method.—(34.1.1). lent free-flame-speed data. (34.1.2). 
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